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ABSTRACT 

This  document i s  an  i n t e r i m  r e p o r t  which desc r ibes  t h e  progress  o f  

MSC/TRW Task 705-2, "Apollo Cryogenic Storage System (CSS) Analysis ,"  

Subtask 1, from incep t ion  t o  da t e .  Under t h i s  sub ta sk ,  TRW has developed a 

s imula t ion  program which has the  c a p a b i l i t y  of s imula t ing  t h e  thermodynamic 

performance of both t h e  e x i s t i n g  Apollo CSS hydrogen and oxygen tanks and 

t h e  o r i g i n a l  (Apollo 13 type)  CSS oxygen tanks.  The o s e r a t i o n  of t h e  CSS 

l i n e s  and components may a l s o  be  s imulated us ing  a second program. Included 

i n  t h e  r e p o r t  are d e s c r i p t i o n s  of t h e  cryogenic s t o r a g e  system and a d i scuss ion  

of t h e  a n a l y s i s ,  mathematical  f o r n u l a t i o n s  and support ing computer subrout ines  

which, when combined, w i l l  make up the  bulk  of t h e  CSS In t eg ra t ed  Systems 

Program. The In t eg ra t ed  Systems Program development is being accomplished 

under Subtask 3 .  

t h e  programs presented  i n  t h i s  r e p o r t .  

be  used t o  perform paramet r ic  s t u d i e s  of i n d i v i d u a l  t a n k  ope ra t ion  and t o  perform 

Upon completion, t h e  In t eg ra t ed  Systems Program w i l l  supercede 

I n  their cu r ren t  form, t h e  programs may 

d e t a i l e d  s t u d i e s  of s p e c i f i c  problems r e l a t e d  t o  CSS components and l i n e s .  
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1.0  INTRODUCTION 

The o b j e c t i v e s  of Task 705-2, " Apollo Service Module I n t e g r a t e d  Cryogenic 

S torage  System Analysis ,"  are t o  develop the  a n a l y t i c a l  c a p a b i l i t y  requi red  

t o  : 

a) Develop a n  i n t e g r a t e d  mathematical  model of t h e  Apollo Cryogenic 

S torage  System (CSS). 

Provide support  t o  t h e  redesigned CSS oxygen tank  development 

program. 

P r e d i c t  f l i g h t  performance of t h e  CSS t o  v e r i f y  i t s  adequacy t o  

meet mission requirements .  

Carry-out p o s t f l i g h t  a n a l y s i s  of t h e  CSS t o  confirm t h e  adequacy 

of t h e  mathematical  model. 

b) 

c) 

d)  

To accomplish t h e s e  o b j e c t i v e s ,  t h e  Task w a s  d iv ided  i n t o  s i x  subtasks :  

Subtask 1 - Basic Cryogenic Tank Program 

Subtask 2 - Advanced Cryogenic Tank Performance Program 

Subtask 3 - In t eg ra t ed  System Program 

Subtask 4 - CSS Oxygen Tank Development Support 

Subtask 5 - P r e f l i g h t  Mission Analysis  

Subtask 6 - F l i g h t  Analys is  

This  document desc r ibes  t h e  s imula t ion  programs developed under Subtask 1. 

I n  o rde r  t o  p r e d i c t  and s tudy  t h e  performance and ope ra t ion  of t h e  Apollo 

cryogenic  s t o r a g e  system, a s t o r a g e  tank  model 

model have been developed. While t h e s e  models are s e p a r a t e  e n t i t i e s  a t  t h e  

and a l i n e s  and components 

present  t i m e ,  they  w i l l  be  combined along w i t h  o t h e r  e x i s t i n g  programs t o  

comprise t h e  In t eg ra t ed  Systems Program under Subtask 3 .  Upon completion, 

t he  I n t e g r a t e d  Systems Program w i l l  supercede t h e  programs presented i n  t h i s  

r epor t .  However, i n  theSr  cu r ren t  form, t h e  models may be  used t o  perform 

parametric s t u d i e s  of i nd iv idua l  tank  ope ra t ion  such as p res su re  cyc le  t i m e  

as a f u n c t i o n  of tank quan t i ty  and f lowra te s ,  and d e t a i l e d  s t u d i e s  of 
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s p e c i f i c  problems r e l a t e d  t o  t h e  l i n e s  and components such as t h e  thermal 

response of a quan t i ty  of cold gas  trapped i n  a l i n e  between a check va lve  

and a shut-off valve,  f l u i d  leakage a t  va r ious  p l aces  i n  t h e  l i n e s ,  etc.  

The equi l ibr ium tank  model (EQTANK) is  capable  of s imula t ing  t h e  thermo- 

dynamic performance of t h e  CSS hydrogen and oxygen tanks.  

accounts  ?or  t h e  e f f e c t s  of h e a t  leakage, f a n  and/or  hea te r  opera t ion ,  duty 

cyc le s ,  and c o n t r o l  equipment as w e l l  as a l l  s i g n i f i c a n t  thermal ,  e las t ic ,  

thennoe la s t i c  and thermodynamic e f f e c t s  which in f luence  tank performance. 

A model which c o r r e l a t e s  t he  e f f e c t s  of thermal s t r a t i f i c a t i o n  on CSS t a r k  

performance i s  a l s o  included.  Boundary condi t ions  ( inpu t )  i nc lude  t h e  i n i t i a l  

s t a t e  and q u a n t i t y  of t he  cryogen, f l owra te  demands of t h e  Environmental 

Control  Subsystem (ECS) and the  E l e c t r i c a l  Power Subsystem (EPS), component 

(hea te r ,  f a n  and p res su re  switch)  c h a r a c t e r i s t i c s ,  i n e r t i a l  a c c e l e r a t i o n s  and 

spacec ra f t  a t t i t u d e  mode (PTC o r  i n e r t i a l  ho ld) .  The program is  designed t o  

s imula te  a v a r i e t y  of anomalies and fa-’.lures such as l o s s  of annulus vacuum, 

f a n  and/or h e a t e r  f a i l u r e s ,  and tank  leaks .  

The program 

The components and l i nes  model (PLMBNG)determines the  flow ra te  appor t ion -  

ment between s t o r a g e  tanks and t h e  thermodynamic s ta te  of t h e  c o n s t i t u e n t s  a t  

va r ious  l o c a t i o n s  between t h e  source  ( s to rage  tank) and t h e  p o i n t s  of 

a p p l i c a t i o n  (ECS and EPS). Boundary condi t ions  ( inpu t s )  inc lude  

t h e  ins tan taneous  s t o r a g e  tank thermodynamic p r o p e r t i e s ,  bay temperatures  and 

EPS and ECS flow requirements.  System c h a r a c t e r i s t i c s  are represented  by 

pass ive  d i s t r i b u t i o n  system l ine and component drag  c h a r a c t e r i s t i c s  and active 

component ope ra t ing  c h a r a c t e r i s t i c s .  I n  a d d i t i o n ,  p rovis ions  are incorpora ted  

t o  

as 

s imula t e  a c o n s t i t u e n t  leak a t  any connect ion i n  t h e  system, as w e l l  

anomalous ope ra t ion  of  a l l  components. 

2 



2.0 SYSTEM DESCRIPTION 

The Apollo CSS supp l i e s  oxygen and hydrogen on a demand b a s i s  t o  t h e  

EPS and t h e  ECS. 

states i n  tanks loca ted  i n  t h e  Service Module (SM). Each tank is  

equipped wi th  i n d i v i d u a l  components f o r  f i l l i n g ;  ven t ing ;  q u a n t i t y ,  

temperature,  and p res su re  measurements; p re s su re  c o n t r o l  and r e l i e f ;  and 

t h e  accompanying d i s p l a y s  and c o n t r o l s .  For a l l  missions through Apollo 13, 

t h e  s t o r a g e  system w a s  comprised of two hydrogen tanks and two oxygen tanks.  

The arrangement of t hese  tanks  i n  Sec tor  I V  of t h e  SM is shown i n  F igure  2 . 1 .  

For t h e  Apollo 1 4  Mission the s t o r a g e  system w i l l  c o n s i s t  of an  a d d i t i o n a l  

oxygen tank loca ted  i n  Sec tor  1 of t h e  SM making a t o t a l  of t h r e e  oxygen 

tanks and two hydrogen tanks.  

tanks as w e l l  as t h r e e  oxygen tanks.  

l oca t ed  i n  Sec tor  I of t h e  SM. F igu re  2.2 p re sen t s  t h e  tankage arrangement 

i n  Sec tor  I. 

The cryogenic  f l u i d s  are s t o r e d  i n  t h e i r  s u p e r c r i t i c a l  

Subsequent missions w i l l  have t h r e e  hydrogen 

The a d d i t i o n a l  hydrogen tank  w i l l  be  

During nominal opera t ion ,  t he  s t o r a g e  system i s  maintained a t  a 

r e l a t i v e l y  cons tan t  p re s su re  wi th  f l u i d  temperature  inc reas ing  during t h e  

mission. P res su re  is  maintained above t h e  c r i t i ca l  p re s su re  i n  t h e  tanks 

by t h e  a p p l i c a t i o n ,  e i t h e r  manually o r  au tomat ica l ly ,  of electrical  h e a t e r  

power. P r i o r  t o  t h e  Apollo 1 4  Mission, e lec t r ica l  h e a t  w a s  suppl ied  t o  t h e  

s t o r a g e  tanks i n  conjunct ion w i t h  d e s t r a t i f i c a t i o n  f ans .  However, subsequent 

t o  the  Apollo 13 oxygen system f a i l u r e ,  t h e  system w a s  redesigned t o  e l imina te  

t h e f a n s i n  the  oxygen tanks,  a l though f a n s  are s t i l l  used i n  the  hydrogen 

tanks 

The nominal 

and 900 '35 p s i a  

ope ra t ing  p res su re  of t h e  s t o r a g e  tanks i s  245 '15 p s i a  

f o r  t h e  hydrogen and oxygen tanks ,  r e spec t ive ly .  
\ 
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1 FUEL CELL STACK A 

INBOARD OXYGEN BOTTLE 

OUTBOARD OXYGEN BOTTLE 

FORWARD HYDROGEN BOTTLE 

AFT HYDROGEN BOTTLE 

/ 

FIGURE 2 . 1  SECTOR I V  OF THE SM MODULE 
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The f l u i d  flow rate is  con t ro l l ed  on a demand b a s i s  by t h e  ECS and 

EPS r ega rd le s s  of t h e  s t o r a g e  systems p res su re  o r  opera t ing  mode. Under 

nominal opera t ing  condi t ions  t h e r e  are 29.3 pounds of hydrogen and 330.1 

pounds of oxygen loaded i n t o  each of t he  s t o r a g e  tanks.  Of t h e s e  amounts, 

t h e r e  are 28 .2  pounds of usable  hydrogen and 323.5 pounds of u sab le  oxygen. 

Other p e r t i n e n t  s t o r a g e  system ope ra t iona l  parameters are presented  i n  

Table 2 .1 .  

2 . 1  Cryogenic S torage  Tanks 

A major d i f f e r e n c e  between t h e  oxygen and hydrogen tanks i s  i n  t h e  

material used i n  t h e i r  f a b r i c a t i o n .  These materials are l i s t e d  i n  Table 2 . 1  

and were obtained from Reference 1. I n  t h e  broad sense ,  t he  phys ica l  conf igu-  

r a t i o n  f o r  b o t h  tanks is  s i m i l a r  i n  na tu re  and they can be  descr ibed  

as a t y p i c a l  u n i t .  

Each tank c o n s i s t s  of two concent r ic  s p h e r i c a l  s h e l l s  wi th  thermal 

i n s u l a t i o n  i n  t h e  annular  space between the  s h e l l s .  Xn the  oxygen tanks ,  

t he  i n s u l a t i o n  suppor ts  t h e  p re s su re  v e s s e l .  The annulus is  a l s o  evacuated 

t o  improve t h e  thermal b a r r i e r  q u a l i t i e s .  The annulus of each t ank  i s  equipped 

wi th  a vac-ion pump t o  main ta in  t h e  low p res su re  requi red  f o r  adequate  vacuum 

insu la t ion , a l though  i n  f l i g h t  t h e  oxygen pumps are t h e  only pumps which may 

be operated.  I n  add i t ion ,  t h e  p re s su re  v e s s e l  suppor ts  (hydrogen tank on ly ) .  

f l u i d  l i n e s ,  and t h e  e lectr ical  condui t  are loca ted  w i t h i n  t h e  evacuated 

annulus.  The e x i t  f l u i d  l i n e  is  routed through the  annulus be fo re  e x i t i n g  

from t h e  tank t o  provide vapor cool ing.  

P r i o r  t o  Apollo 13 ,  each tank  w a s  equipped w i t h  a two element h e a t e r  and two 

d e s t r a t i f i c a t i o n  fans .  However, fol lowing the  Apollo 13 oxygen system f a i l u r e ,  

t h e  two element h e a t e r  and d e s t r a t i f i c a t i o n  f a n s  i n  t h e  oxygen tanks w e r e  

removed and rep laced  wi th  a t h r e e  element hea te r .  I n  a d d i t i o n ,  t h e  hea te r  

6 



TABLE 2.1  

CRYOGENIC SYSTEM OPERATIONAL PARAMETERS 

'ANK :?ATERIAL 

'ANK WEIGHT (PER TANK) 

Emp t Y  (Approx 1 
Usable F l u i d  

S to red  F l u i d  (TOO% 
i n d i c a t i o n )  

Res idua l  

Maximum F i l l  Quan t i ty  

'ANK VOLUME (PER TANK) 

'ANK FLOW RATE (PER TANK) 

Max. f o r  10 Minutes 

Max. f o r  1 / 2  hour 

R e l i e f  Valve Max Flow 

'ANK PRESSURIZATION 

Heaters e lements  p e r  t a n k  

F l i g h t  R e s i s t a n c e  

Nominal Vol tage  
Power 

T o t a l  Heater 
H e a t  I npu t  P e r  t a n k  

Ground R e s i s t a n c e  

Yo 1 t a g e  
Power 

T o t a l  Heater 
Heat I n p u t  P e r  Tank 

Hydrogen 

5 A1-2.5 Sn E L I  t l  

80.00 l b .  

28.15 l b .  

29.31 l b .  

4% 

30.03 l b .  

3 6.80 ft 

1.02 l b s / h r  
_----- 

6 l b s / h r  @ 130°F 

2 

78.4 ohms p e r  

28 V DC 
10 w a t t s  p e r  

element 

e 1 emen t * 
68.2 BTU/Hr 

78.4  ohms p e r  
element 

28 V DC 
10 w a t t s  p e r  
element* 

68.2 BTU/Hr 

Oxygen 

I n c o n e l  718 

90.82 l b .  

323.45 l b .  

330.1 l b .  

2% 

337.9 l b .  

3 4.75 f t  

4.03 l b s / h r  

10.40 l b s / h r  

26 l b s / h r  @ 130°F 

3 

element 
18.45 ohms p e r  

28 V DC 
42.5 w a t t s  p e r  

element * 
434.8 BTU/Hr 

18.45 ohms p e r  
element 

28 V DC 
42.5 w a t t s  p e r  

element* 

434.8 BTU/Hr 

k Conversion Factor :  1 w a t t  = 3.41 BTU/Hr 
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TABLE 2 . 1  (Continued) 

Hydrogen Oxygen 

P res su re  Switch 
Open P res su re  Max. 260 p s i a  
Close P res su re  Min. 225 p s i a  
Deadband Min . 10 p s i a  

D e s  t ra t i f i ca t i  on Mo t o r s  ( 2 

Voltage 115/200 V 

Power - Average 

T o t a l  Average Motor 23.8 BTU/Hr  
Heat Input  Per  Tank 

Motors Per  Tank) 

400 cps 

mot or* 
3.5 w a t t s  per  

935 p s i a  
865 p s i a  
30 p s i a  

None 
None 
None 

None 

SYSTEM PRESSURES 

Normal Operating 245 +15 p s i a  900 235 p s i a  
Spec Min. Dead Band of 10 p s i  30 p s i  

Rel ie f  Valve Note: Rel ie f  Valves are re ferenced  t o  environmental 

P res su re  Switches 

p re s su re ,  t h e r e f o r e  p r e s s u r e  a t  sea l e v e l  (ps ig)  
w i l l  be the  sa?ie va lue  i n  vacuum ( p s i a )  

Crack Min . 273 p s i g  938 p s i g  

F u l l  Flow Max. 285 p s i g  

Reseat Min . 268 p s i g  

Outer Tank S h e l l  
Burst  Disc 

Nominal Burs t  P res su re  90 +lo p s i d  
-20 

1010 p s i g  

865 p s i g  

75 27.5 ps id  

SYSTEM TEMPERATURES 

Stored F lu id  -425 t o  80°F -300 t o  80°F 

*Conversion Fac tor :  1 w a t t  = 3 . 4 1  BTU/Hr 
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thermostat  f o r  p r o t e c t i o n  a g a i n s t  high h e a t e r  temperatures  has  been removed 

and rep laced  wi th  a temperature  sensor .  

h e a t e r  tube.  

probe and measures t h e  bulk f l u i d  temperature.  Electr ical  l i n e s  lead ing  i n t o  

t h e  redesigned oxygen tank have a l s o  been sheathed t o  reduce the  f i r e  hazard.  

2 . 2  

The new senso r  i s  loca ted  on t h e  

Another temperature sensor  i s  loca ted  above t h e  capac i tance  

- Cryogenic System Components and Lines 

F igures  2.3 and 2 . 4  are schematics of t h e  component and l i n e  conf igura t ions  

f o r  t h e  Apollo 14  oxygen and hydrogen systems, r e s p e c t i v e l y ,  showing t h e  

r e l p t i v e  l o c a t i o n s  of t h e  components which make up t h e  system. I n  gene ra l ,  

t he  system i s  composed of l i n e s ,  va lve  modules, f low f i l t e r s  and flow 

r e s t r i c t o r s .  For miss ions  p r i o r  t o  Apollo 1 4 ,  t h e  system v a l v e  modules 

f o r  both t h e  hydrogen and oxygen systems each conta ined  two r e l i e f  va lves ,  t w o  

pressure  t ransducers ,  two p res su re  swi tches  and one check va lve .  For Apollo 

1 4 ,  a ha l f  va lve  module w a s  added f o r  oxygen ta-k 3 and con ta ins  one r e l i e f  

va lve ,  one p res su re  switch,  and a check valve.  A so lenoid  operated shutoff  

va lve  w a s  a l s o  added between oxygen tanks 2 and 3 .  

The r e l i e f  valves i n  t h e s e  modules are a gradual  opening d i f f e r e n t i a l  

p re s su re  poppet type which a s s u r e  t h e  lowest p o s s i b l e  leakage and have 

v i r t u a l l y  zero d e l t a  p re s su re  between crack  and f u l l  flow. 

are designed t o  be unaf fec ted  by back p res su re  i n  t h e  downstream plumbing 

and are temperature  compensated over  t h e  f u l l  range  of f l u i d  temperatures  which 

may occur.  

These va lves  

The p res su re  t ransducers  are abso lu te  p re s su re  devices  which u t i l i z e  

bonded s t r a i n  gauges t o  produce m i l l i v o l t  s i g n a l s  t o  t h e  s i g n a l  condi t ioner .  

The s i g n a l  condi t ioner  i s  i n t e g r a l  t o  t h e  t ransducer  wi th  a 0 t o  5 VDC output  

l i n e a r l y  proport ioned t o  tank pressure .  The t ransducers  can ope ra t e  a t  

9 
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0 environmental  temperatures  as low as -80 F and are  capable  of supplying a 

continuous readout  of p re s su re  over t h e  s p e c i f i e d  range wi th  a maximum 

e r r o r  of f 2-1/2 percent  of f u l l  scale. 

The p res su re  swi tches  are single-throw, s i n g l e  po le  abso lu te  p re s su re  

devices  which may be used t o  c o n t r o l  t h e  motor switches which act ivate  t h e  

d e s t r a t i f i c a t i o n  motors and/or  tank  h e a t e r s .  These swi tches  have been used 

s u c c e s s f u l l y  i n  an environment of -400'F. 

, 

The check va lve  i s  a spr ing  loaded poppet type  and is  designed t o  open 

a t  a d i f f e r e n t i a l  p re s su re  of approximately 1 p s i .  The va lve  seat has  a 

l a r g e  area t o  prevent  c h a t t e r i n g  during flow i n  t h e  normal d i r e c t i o n  and t o  

he lp  o b t a i n  a p o s i t i v e  seal i f  p ressur ized  i n  t h e  reverse d i r e c t i o n .  

The f u e l  c e l l  va lve  module f o r  t h e  hydrogen system c o n s i s t s  of two 

check va lves  and t h r e e  so lenoid  opera ted  va lves  i n  one valve body. The 

check valves are a dua l  seat type  which al low t h e  main passage t o  be 

f u l l  open and t h e  a u x i l i a r y  passage ba re ly  cracked a t  low flows. A t  h igh  

f lows,  both t h e  main and a u x i l i a r y  passages are completely open. The so lenoid  

valves are poppet l a t c h  type  and are ac tua ted  by a magnetic armature suspended 

on a Bel lvi l le  sp r ing ,  

t u r e  a c t u a t e  t h e  valve. 

t o  seal t h e  valve a g a i n s t  leakage when c losed  t o  f low i n  t h e  normal f low 

d i r e c t i o n .  

Opening and c los ing  c o i l s  on both s i d e s  of t h e  arma- 

The valves open a g a i n s t  p re s su re  and p res su re  he lps  

For t h e  oxygen system, t h e  f u e l  c e l l  valve module con ta ins  check valves 

similar t o  those  i n  t h e  hydrogen f u e l  c e l l  valve module. However, subsequent 

t o  Apollo 13,  t h e  so lenoid  valves have been taken ou t  of t h e  module and 

mounted e x t e r n a l l y  and upstream of t h e  flow t r ansduce r s  t o  t h e  f u e l  cel ls .  

12 



The oxygen and hydrogen i n l i n e  f i l t e r s  c o n s i s t  of several chemical ly  

e tched d i s c s  s tacked i n  a c a r t r i d g e .  

and 1 2  microns a b s o l u t e  wi th  a capac i ty  t o  con ta in  .25 grams contaminant. 

They are r a t e d  a t  5 microns nominally 

Several  components have been added t o  t h e  CSS f o r  missions subsequent t o  

t h e  Apollo 1 4  ("5" type  miss ions) .  

va lve ,  a p re s su re  swi tch ,  and a check v a l v e  has  been added f o r  t h e  t h i r d  

hydrogen tank. There are t h r e e  oxygen r e s t r i c t o r s  i n  the  ECS f o r  J type  

missions ve r sus  two f o r  o the r  Apollo missions.  The t h i r d  r e s t r i c t o r  l i n e  is  

a branch of t h e  oxygen tank 2 ECS supply l i n e  and reconnects  downstream of t h e  

j u n c t i o n  of t h e  o the r  two r e s t r i c t o r  l i n e s .  This  r e s t r i c t o r  l i n e  inc ludes  

a f i l t e r  and check va lve .  

A ha l f  va lve  module conta in ing  a relief 
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3 . 0  ANALYTICAL FORMULATION 

The fol lowing s e c t i o n s  d i scuss  t h e  a n a l y t i c a l  formulat ions of t h e  two 

programs which model t h e  tanks and t h e  components and l i n e s  as w e l l  as two 

support ing subrout ines .  Sec t ion  3.1 desc r ibes  t h e  equi l ibr ium tank program. 

I n  order  t o  compute the  h e a t  l e a k  t o  t h e  tanks ,  i t  w a s  necessary t o  develop 

a s t o r a g e  tank thermal model which i s  descr ibed  i n  Sec t ion  3 . 2 .  The compo- 

nents  and l i n e s  model is  d iscussed  i n  Sec t ion  3 . 3 .  F i n a l l y ,  a subrout ine  w a s  

developed t o  provide t h e  o t h e r  models wi th  oxygen and hydrogen thermophysical 

p r o p e r t i e s  as requi red .  This  model i s  descr ibed  i n  Sec t ion  3.4. 

3.1 Equi l ibr ium Tank Model 

The Equi l ibr ium Tank Model (EQTANK) computer program w a s  developed t o  

s imula te  t h e  thermodynamic performance of t h e  Apollo CSS hydrogen and oxygen 

tanks.  Any combination of up t o  t h r e e  hydrogen and t h r e e  oxygen tanks may 

be s imulated.  Both t h e  Apollo 13 type  oxygen tank as w e l l  as t h e  redesigned 

tank are modeled. 

3 . 1 . 1  Tank Model Desc r ip t ion  

The EQTANK program simultaneously updates  t h e  thermodynamic s ta te  i n  

each s t o r a g e  tank of t h e  CSS based on c o n t r o l  equipment ope ra t ion ,  f l owra te s ,  

tank c h a r a c t e r i s t i c s ,  h e a t  l e a k s ,  and t r a j e c t o r y  da t a .  It is  assumed t h a t  

thermodynamic equi l ibr ium e x i s t s  i n  t h e  tanks a t  a l l  t i m e s .  F igu re  3.1 

p resen t s  an  o v e r a l l  f low diagram of t h e  model. 

The b a s i c  equat ion for t he  model determines the  rate of change of p re s su re  

wi th  r e s p e c t  t o  t i m e  and is  g iven  by: 

dP 
d t  
- =  

(1-u) + 3- ap aT1 
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The nomenclature used i s  def ined  i n  Appendix I. 

Equation (1) i s  der ived  i n  Appendix I1 and accounts  f o r  v a r i a t i o n s  

i n  tank volume due t o  f l u i d  p re s su re  and temperature  excursions.  

p re s s ion  f u r t h e r  accounts  f o r  t h e  e f f e c t  on t h e  rate of change of p re s su re  

due t o  t h e  a t t ached  f i l l  and vent  l i n e s  which act as s m a l l  gas r e s e r v o i r s .  

A l l  t e r m s  i n  t h e  r e l a t i o n  f o r  p re s su re  rise o r  decay rate may be determined 

from the CSS system and f l u i d  thermodynamic p r o p e r t i e s .  The v a r i a b l e s  r ,  V ,  

6, Y ,  v ,  V and a are obta ined  from tank material and geometric c h a r a c t e r i s -  

The ex- 

2 

a T  a T  are obta ined  from t ics .  The thermodynamic v a r i a b l e s  0 ,  9 , p o  , ap Y p ,  and ap 
t h e  Thermophysical P r o p e r t i e s  Subrout ine d iscussed  i n  Sec t ion  3 . 4 .  The t o t a l  

h e a t  i npu t  rate, q, is  t h e  sum of t h e  hea t  l e a k  c a l c u l a t e d  by t h e  StoraZe 

Tank Thermal Model Subrout ine (Sect ion 3 .2 )  and t h e  hea t  i npu t  r e s u l t i n g  

from t h e  ope ra t ion  of tank  h e a t e r s  and/or f an  motors. 

i s  an  i n p u t  v a r i a b l e  t o  the  EQTANK Program. The gas compression process  

i n  the  tank f i l l  and v e n t  l i n e s  is assumed t o  be isothermal ,  so t h e  po ly t rop ic  

exponent, N ,  i s  c u r r e n t l y  assumed t o  be  1.0 f o r  bo th  oxygen and hydrogen. 

The mass f lowra te ,  m y  

The program may be d iv ided  i n t o  two s e c t i o n s .  The f i r s t  s e c t i o n  de te r -  

mines t h e  maximum t i m e  increment over  which a l l  tanks  may b e  s imulated.  The 

second s e c t i o n  u s e s  t h i s  t i m e  increment t o  update  t h e  s ta te  of t h e  f l u i d  

i n  each tank  corresponding wi th  t h e  condi t ions  which p r e v a i l  a t  t h e  end of 

t h e  t i m e  increment. 

The t i m e  increment depends on the  rate of change of p re s su re  and t h e  

Equation (1) i s  used t o  ope ra t ion  of t he  p r e s s u r e  swi tches  i n  each tank. 

determine when a tank  p res su re  will reach a s p e c i f i e d  excursion ( c u r r e n t l y  15 p s i )  

from i t s  i n i t i a l  s ta te  o r  when a p res su re  c o n t r o l  l i m i t  w i l l  be  reached f o r  t h e  

tank. The s h o r t e r  of t h e s e  two t i m e  increments is  def ined  as t h e  maximum 

dynamic s imula t ion  t i m e  increment f o r  t h e  tank.  Dynamic s imula t ion  t i m e  
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increments f o r  a l l  tanks are compared and t h e  smallest one is  chosen as t h e  

t o t a l  t ank .sys tem dynamic s imula t ion  time increment. This  time increment 

is then compared wi th  a user  s p e c i f i e d  increment and t h e  lesser is s e l e c t e d  

as the  time increment f o r  use  i n  updat ing the  state of a l l  cryogenic  tanks.  

Upon t h e  de te rmina t ion  of t h e  t i m e  increment,  t h e  thermodynamic s ta te  

of t he  f l u i d  i n  each tank is  updated. 

i n t e r v a l  i s  determined from t h e  i n i t i a l  tank p res su re ,  t h e  i n i t i a l  p re s su re  rise 

( o r  decay) rate, and t h e  l eng th  of t h e  t i m e  i n t e r v a l .  

f o r  t h e  t i m e  i n t e r v a l  is  determined from the  tank volume, t h e  i n i t i a l  weight 

of cryogen i n  t h e  tank ,  and t h e  f lowra te .  

The average p res su re  f o r  the t i m e  

The average dens i ty  

Using t h e s e  averaged thermodynamic 

p r o p e r t i e s ,  t h e  average p res su re  change rate i s  determined us ing  Equation (1) 

f o r  each tank. The average p res su re  change rate and f l o w r a t e  are then used t o  

update t h e  p re s su re  and dens i ty  a t  t h e  end of t h e  t i m e  i n t e r v a l .  

f l u i d  temperature  is obtained using t h e  Thermophysical P r o p e r t i e s  Subroutine.  

P i n a l l y  

I n  a d d i t i o n  t o  updat ing t h e  state of each of t h e  cryogenic tanks ,  t he  

second p o r t i o n  of t h e  EQTANJK program performs t h r e e  o t h e r  opera t ions .  The 

tank  p res su re  a t  t h e  end of t h e  time interval is  compared wi th  t h e  l i m i t  

p r e s su res  f o r  t h e  tank  p res su re  swi tch ,  and t h e  p re s su re  swi tch  state 

changed i f  necessary.  The c o l l a p s e  p re s su re  p o t e n t i a l  (Sec t ion  3.1.2) 

f o r  each oxygen tank  is est imated from knowledge of time interval l eng th ,  

tank state,  a c c e l e r a t i o n  l e v e l ,  and tank flow rate. The last  mathematical  

ope ra t ion  i n  the EQTANK program is t o  determine t h e  a d d i t i o n a l  f l owra te s  

requi red  by the f u e l  cells  t o  provide  power f o r  a l l  electrical equipment 

ope ra t ing  i n  t h e  tanks  a t  t h e  end of t h e  t i m e  i n t e r v a l .  

3.1.2 S impl i f ied  S t r a t i f i c a t i o n  Analys is  

A s  a r e s u l t  of t h e  CSS f a i l u r e  du r ing  Apollo 13, cons iderable  e f f o r t  

has  been devoted t o  t h e  a n a l y s i s  of s i n g l e  phase cryogenic  s t o r a g e  under 
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low acce le ra t ions .  

p re s su re  c o l l a p s e  t h a t  could occur  i n  t h e  tank  due t o  thermal s t r a t i f i c a t i o n  

of t he  f l u i d .  

s i n g l e  phase f l u i d  t o  a two phase f l u i d .  

The purpose of t h e  a n a l y s i s  w a s  t o  eva lua te  t h e  p o t e n t i a l  

A l a r g e  p re s su re  c o l l a p s e  could undes i rab ly  change t h e  

During t h e  Apollo 7 Miss ion ,  f l i g h t  

tests w e r e  performed which demonstrated t h a t  p re s su re  c o l l a p s e  w a s  no t  s i g n i -  

f i c a n t  i n  t h e  hydrogen tanks. Therefore ,  t h e  p o t e n t i a l  c o l l a p s e  p re s su re  

(d i f f e rence  between the  ins tan taneous  p re s su re  v a l u e  and the  v a l u e  t h a t  

would r e s u l t  from sudden complete mixing of t h e  f l u i d )  w a s  assumed t o  be  

n e g l i g i b l e  f o r  hydrogen and t h e  a n a l y t i c a l  i n v e s t i g a t i o n s  have been l i m i t e d  

t o  t h e  oxygen tanks .  

Local ized hea t  a d d i t i o n  from h e a t e r s  placed i n  t h e  oxygen s t o r a g e  

v e s s e l s  t o  assist t h e  f l u i d  expuls ion  process  r e s u l t s  i n  l o c a l  ho t  gas  

pockets which cause d e n s i t y  g rad ien t s  t o  form i n  t h e  f l u i d .  S ince  t h e  

vessel p re s su re  is determined by t h e  warmer f l u i d ,  mixing of  t h e  f l u i d  can 

r e s u l t  i n  a p res su re  co l l apse .  The s t r a t i f i c a t i o n  process  which l eads  t o  

p o t e n t i a l  c o l l a p s e  p re s su res  i s  a r e s u l t  of poor conduct ive h e a t  t r a n s f e r  

p r c p e r t i e s  of oxygen coupled wi th  l i m i t e d  mechani .a l  and convect ive mixing 

due t o  low a c c e l e r a t i o r .  

Mathematical models of t h e  thermodynamic processes  which t a k e  p l ace  

i n  the oxygen s to rage  vessels must b e  very  d e t a i l e d  and, as a r e s u l t ,  

r e q u i r e  a l a r g e  amount of computer t i m e  i n  o rde r  t o  s imula t e  t h e  f l u i d  

s t r a t i f i c a t i o n  process  and determine t h e  p o t e n t i a l  p re s su re  co l l apse .  

t h i s  reason ,  a s i m p l i f i e d  oxygen f l u i d  s t r a t i f i c a t i o n  a n a l y s i s  model w a s  

cons t ruc ted ,  based on d e t a i l e d  s imula t ions  performed by C. K. F o r e s t e r  of 

For 

t h e  Boeing Company, S e a t t l e ,  Washington (Reference 2). This s i m p l i f i e d  

model r e q u i r e s  only  a f r a c t i o n  of t h e  computer time needed f o r  t h e  d e t a i l e d  

model and gene ra l ly  provides  accu rac i e s  on t h e  o r d e r  o f  10% as compared t o  

t h e  r e s u l t s  of t h e  d e t a i l e d  model. Thus, i t  was p r a c t i c a l  t o  i nco rpora t e  t h e  

s i m p l i f i e d  model i n t o  t h e  EQTANK program. The EQTANK program uses  a 

c o r r e l a t i o n  model t o  estimate t h e  magnitude and e f f e c t s  of r a p i d  d e s t r a t i f i -  

ca t ion .  The exac t  form of t h e  oxygen p o t e n t i a l  p re s su re  c o l l a p s e  model r e s u l t e d  

from an a n a l y s i s  of t h e  numerical  s t u d i e s  obta ined  trom Boeing. 
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Logica l ly ,  t h e  c o l l a p s e  p re s su re  p o t e n t i a l  f o r  any Apollo CSS tank  

should be dependent on t h e  l o c a l  a c c e l e r a t i o n ,  f l u i d  flow rate and t h e  

f l u i d  q u a n t i t y  h i s t o r i e s  of t h e  tank. 

than ins tan taneous  va lues  sugges t s  t h a t  a n  i n t e g r a l  approach is appropr i a t e .  

This  i s  r e in fo rced  by t h e  f a c t  t h a t  t h e  opera t ion  of a CSS tank depends 

upon t h e  pa th  o r  h i s t o r y  of t h e  thermodynamic process .  

p o t e n t i a l  c o l l a p s e  p re s su re ,  then, i s  t o  determine and i n t e g r a t e  t h e  t i m e  

d e r i v a t i v e  of t h e  p o t e n t i a l  c o l l a p s e  pressure .  

The dependence on h i s t o r i e s  r a t h e r  

The problem of f ind ing  

The e f f e c t s  of a c c e l e r a t i o n  l e v e l  on p o t e n t i a l  c o l l a p s e  p re s su re  can  be 

-7 p r a c t i c a l l y  de t ec t ed  only between t h e  l e v e l s  of 10 and g.  An acce lera-  

t i o n  l e v e l  of 

CSS tank,  whi le  a c t u a l  a c c e l e r a t i o n s  of less than  g are d i f f i c u l t  to 

o b t a i n  i n  manned spacec ra f t  due t o  a s t ronau t  motion and equipment ope ra t ion .  

The v a r i a t i o n  of p o t e n t i a l  c o l l a p s e  p re s su re  growth rate over t h e  a c c e l e r a t i o n  

range of i n t e r e s t  changes by a f a c t o r  of approximately t en .  

s m a l l  a c c e l e r a t i o n  changes on the  p o t e n t i a l  c o l l a p s e  p re s su re  growth rate are 

more pronounced a t  lower acce le ra t ions .  

suggest  t h a t  a logar i thmic  v a r i a t i o n  of p o t e n t i a l  c o l l a p s e  p re s su re  growth rate 

wi th  a c c e l e r a t i o n  i s  appropr i a t e  f o r  a c o r r e l a t i o n  model. The f i n a l  dependence 

of p o t e n t i a l  c o l l a p s e  p re s su re  on a c c e l e r a t i o n  w a s  found t o  va ry  as t h e  square 

of t h e  logari thm between a c c e l e r a t i o n s  of 10 

a t  less than  

g w i l l  r ap id ly  d e s t r a t i f y  a normally func t ioning  Apollo 

The e f f e c t s  of 

Both of t h e  previous observa t ions  

-7 

g and a va lue  of zero a t  a c c e l e r a t i o n s  g r e a t e r  than 1 0  

g and g with a va lue  of one 

-3 
g. 

The e f f e c t  of f l u i d  flow rate  on s t r a t i f i c a t i o n  i n  s i n g l e  phase cyrogenic  

tanks i s  t o  i n c r e a s e  t h e  magnitude of t h e  p o t e n t i a l  c o l l a p s e  pressure .  The 

p o t e n t i a l  c o l l a p s e  p re s su re  i n c r e a s e s  more r a p i d l y  a t  h igh  f low rates than  

a t  low f low rates because t h e  hea t  i npu t  t o  t h e  f l u i d  does no t  have t i m e  t o  

d i f f u s e  by conduction throughout t h e  tank.  This  l e a d s  t o  increased  dens i ty  
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and temperature v a r i a t i o n s  w i t h i n  t h e  tank. 

p r o p e r t i e s  b r i n g  about an increase i n  the p o t e n t i a l  c o l l a p s e  pressure .  

l inear dependence on f low rate w a s  incorpora ted  i n t o  the EQTANK c o r r e l a t i o n  

model f o r  p o t e n t i a l  c o l l a p s e  p re s su re .  

These v a r i a t i o n s  i n  t h e  f l u i d  

A 

The e f f e c t  of t h e  quan t i ty  of oxygen i n  a t ank  on t h e  bui ldup  of 

p o t e n t i a l  c o l l a p s e  p re s su re  w i t h i n  t h e  tank may b e  understood by cons ider ing  

two hea t  t r a n s f e r  e f f e c t s  i n  high d e n s i t y  s i n g l e  phase oxygen. 

because of t h e  proximity of t h e  oxygen t o  t h e  two-phase boundary, conductive 

hea t  t r a n s f e r  is low i n  high d e n s i t y  oxygen a t  t h e  o p e r a t i o n a l  p re s su res  i n  

the  oxygen tanks .  Second, and perhaps more impor tan t ,  t h e  thermal 

d i f f u s i v i t y  o r  e f f e c t i v e  hea t  propagation rate i n  f l u i d s  is  i n v e r s e l y  propor- 

t i o n a l  t o  t h e  d e n s i t y  of t h e  f l u i d .  

d e n s i t y  f l u i d s  tends t o  remain where i t  w a s  introduced r a t h e r  than  d i f f u s i n g  

throughout the  e n t i r e  f l u i d  mass. A l i n e a r  dependency of p o t e n t i a l  c o l l a p s e  

p re s su re  ra te  of f l u i d  d e n s i t y  o r  tank  q u a n t i t y  is  used i n  the program. The 

r e l a t i o n  is  d i sp laced  from t h e  o r i g i n  such t h a t  no p o t e n t i a l  c o l l a p s e  

p r e s s u r e  bui ldup  can occur a t  tank  q u a n t i t i e s  less than  37.5 pe rcen t ,  s i n c e  

below t h a t  q u a n t i t y ,  e f f e c t s  of s t r a t i f i c a t i o n  are n e g l i g i b l e .  - A  l i n e a r  

c o l l a p s e  p re s su re  dependency,on tank  q u a n t i t y  w a s  s e l e c t e d  to g i v e  a col%se 

p res su re  bui ldup  r a t e c o n s i s t e n t  w i t h  r e s u l t s  of the Boeing s tudy ,  

F i r s t ,  

Thus, thermal energy inpu t  t o  h igh  

It w a s  determined that  a sepa rab le  form of t h e  c o l l a p s e  p re s su re  r ise ra te  

c o r r e l a t i o n  equat ion  could b e  used t o  d e s c r i b e  the simultaneous-dependence of the 

p o t e n t i a l  p r e s s u r e  c o l l a p s e  on a c c e l e r a t i o n ,  f l o w r a t e ,  and tank  quan t i ty .  

s t e p  f u n c t i o n  H i s  incorpora ted  i n t o  the acceleration and q u a n t i t y  dependences 

t o  a f f e c t  a good agreement of the c o r r e l a t i o n  model over the a c c e l e r a t i o n  r eg ion  

of interest .  The f i n a l  express ion  f o r  the t i m e  d e r i v a t i v e  of p o t e n t i a l  c o l l a p s e  

p re s su re  used i n  t h e  EQTANK program is: 

A 
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2 .001 
- dPc = { H(10-7-g )+ [H(g~-lo-~)-H(q -.OOl)] '"10 (x) ] 

16 C -C d t  

{&[H(%-37.5) ] .1792 (%-37.5) 

A comparison of t h e  r e s u l t s  of t h e  c o r r e l a t i o n  model and those  obta ined  

numerical ly  by Boeing is  presented i n  Table 3.1. 

3.2 S torage  Tank Thermal Model 

The CSS c o n s i s t s  of dewar v e s s e l s  f o r  t h e  s t o r a g e  of bothoxygen and 

hydrogen. I n s u l a t i o n  f o r  t h e s e  v e s s e l s  i s  provided by a vacuum j a c k e t  which 

c o n s i s t s  of a space f i l l e d  wi th  i n s u l a t i n g  material coupled wi th  a vapor 

cooled shroud (VCS).  The h e a t  l e a k  i n t o  the  s t o r a g e  v e s s e l s  under nominal 

opera t ing  condi t ions  is  p r imar i ly  a func t ion  o f  t h e  f lowra te  through the  

VCS and the  temperature i n  the  bay. The bay temperature depends t o  a l a r g e  

ex ten t  upon whether t he  v e h i c l e  i s  i n  an i n e r t i a l  hold mode o r  a pass ive  

thermal c o n t r o l  mode. The e f f e c t  of vacuum l o s s  i n  t h e  j a c k e t  is  t o  i n c r e a s e  

t h e  h e a t  l e a k  i n t o  t h e  s t o r a g e  v e s s e l .  

The v e h i c l e  thermal model w a s  developed as a subrout ine  f o r  i n c l u s i o n  i n  

the  EQTANK model and is  e s s e n t i a l l y  made up of t h r e e  p a r t s .  These inc lude  

separate h e a t  leak c a l c u l a t i o n s  f o r  t h e  oxygen and hydrogen tanks and a p a r t  

f o r  computing t h e  hea t  l e a k  under va r ious  l o s s  of vacuum condi t ions .  

3 . 2 . 1  Hydrogen Tank Heat Leak 

The h e a t  l e a k  t o  the  hydrogen tank  under nominal ope ra t ing  condi t ions  

is  computed i n  the  thermal  model us ing  d a t a  taken from t h e  Apollo F l i g h t  

Support Handbook (Reference 1). This  d a t a ,  p resented  i n  F igure  3.2,  i s  

a c o r r e l a t i o n  of es t imated  h e a t  f l u x  as a func t ion  of t he  f l u i d  expuls ion rate 

and t h e  q u a n t i t y  of f l u i d  remaining i n  t h e  tank. The o r i g i n  of t h i s  d a t a ,  

however, is n o t  known and t h e  e f f e c t  of temperature  i n  t h e  bay on t h e  h e a t  

f l u x  has  no t  been included.  Since t h e  o u t e r  w a l l  temperature i s  no t  taken 

i n t o  account ,  t h e  mission mode cannot b e  considered i n  t h e  c a l c u l a t i o n  

2 1  



TABLE 3 . 1  

COMPARISON OF THE RESULTS OF THE SIMPLIFIED STRATIFICATION ANALYSIS 
WITH THOSE OF THE BOEING eo. 

kce le ra t ion  
Mass F l o w  

R a t e  
(lbm/hr) 

T a n k  
Q u a n t i t y  

(%I 

2.6  

0 . 5  

2.6 

0 .1  

0.1  

0.5 

0.5 

0 . 5  

0 . 5  

0 . 5  

0.5 

1 . 2 3  

.92 

.85 

1 .45  

.87 

.94 

4 .50  

4 . 5 0  

4 . 5 0  

4.50 

4 .50  

5 2 .  

7 5 .  

1 2 .  

96 .  

9 5 .  

7 5 .  

9 7 .  

7 5 .  

5 2 .  

38.  

23 .  

GROWTH RATE OF POTENTIAT 
COLLAPSE PRESSURE 

S imp  1 i f  i e  d 
Corre la t ion  

R e s u l t s  
( p s i a /h r )  

~ 

1 . 3 3  

4 . 2 1  

0 .  

15.20 

9 .  

4 .30  

32.70 

20.60 

8 .  

.27 

0. 

B o e i n g  's 
Nume r i c a 1 

R e s u l t s  
(psialhr  ) 

~ 

1 . 4 3  

3 .86  

0 .  

20 .29  

7 .  

4.25 

32 .  

9 .25  

8 . 5  

1.0 

0 .  
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of t h e  hydrogen tank hea t  l eak .  

occur r ing  i n  t h e  curves a t  a f low rate of 0.25 lbm/hr  does no t  appear reasonable .  

Although t h e  c o r r e l a t i o n s  presented  i n  F igu re  3 . 2  do n o t  appear t o  adequately 

d e f i n e  t h e  h e a t  l e a k  i n t o  t h e  hydrogen tanks,  i t  i s  t h e  only  d a t a  c u r r e n t l y  

a v a i l a b l e .  However, i f  a d d i t i o n a l  d a t a  becomes a v a i l a b l e ,  t h e  hydrogen 

tank hea t  l e a k  c o r r e l a t i o n s  used i n  t h i s  p o r t i o n  of t h e  program may be  

updated e a s i l y .  

3.2 .2  Oxygen Tank Heat Leak 

In a d d i t i o n ,  t h e  d i s c o n t i n u i t y  

The h e a t  l e a k  i n t o  t h e  oxygen tanks dur ing  nominal ope ra t ing  

cond i t ions  is computed i n  t h e  thermal  model us ing  empir ica l  d a t a  c o r r e l a t i o n s  

developed by the  Beech A i r c r a f t  Company (Reference 3).  These c o r r e l a t i o n s  

relate t h e  h e a t  t r a n s f e r  i n t o  t h e  oxygen tank  wi th  the  temperature of the 

oxygen i n  s t o r a g e ,  t he  oxygen expuls ion rate and t h e  tank o u t e r  w a l l  

temperature.  

QR = AL1 

QR = AL2 

q =AL3 

These c o r r e l a t i o n s  a r e  given by t h e  fol lowing equat ions:  

(TOS2'5 - TVCS 2.5) - lil (HVCS - HPV) 

(TVCS205 - TPV 2.5) 

(TOS - TPV) + .9QR 
The v a l u e  of t h e  cons t an t s  which apply t o  Equat ions (2), ( 3 ) ,  and 

( 4 )  are as fol lows:  

0 2.5 

0 2.5 

Redestgned Tank: AL1  = 1.2114 x BTU/HR R 

A L ~  = ,95779 x BTU/KR R 

AL3 = .037753 BTU/HRoR 

The amount and temperature  of t he  oxygen i n  s t o r a g e  i s  computed i n  another  

used as inpu t  f o r  t h e  thermal subrou t ine .  p o r t i o n  of t h e  EQTANK program and 

The o u t e r  w a l l  tank temperature  is  computed w i t h i n  the  thermal 

sub rou t ine  through a series of d a t a  curve f i t  c o r r e l a t i o n s ,  T h e  d a t a  f o r  these 
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c o r r e l a t i o n s  w a s  der ived  from t h e  Thermal Mathematical Model (TMM) of 

t h e  Apollo Se rv ice  Module developed by TRW under KSC/TRW Task ASPO-62C. 

This  program is composed of over 800 lumped parameters  t h a t  c o n s t i t u t e  a 

thermal network s p e c i f i c a l l y  formated 

Option computer program. 

Apollo Spacecraf t  Externa l  Radiat ion Heating Program 

s o l a r  absorp t ion ,  t h e  s o l a r  a lbedo and p l ane ta ry  r a d i a t i o n  absorbed by t h e  

Service Module (SM) f o r  o r b i t a l  and t r a n s l u n a r  f l i g h t ,  t o  compute the  h e a t  

conductance through t h e  SM s t r u c t u r e .  The SM program ob ta ins  i t s  boundary 

cond i t ions  f o r  a s p e c i f i c  mission from t r a j e c t o r y  and a t t i t u d e  tapes .  

The TMM program t akes  i n t o  account mass changes t o  t h e  SM (such as SPS 

and RCS p r o p e l l a n t  usages)  and i n t e r n a l  h e a t  l oads  (such as ECS and EPS). 

The program p r e s e n t l y  determines t h e  temperature  of each oxygen and hydrogen 

tank  s u r f a c e  assuming a uniform i n t e r n a l  tank temperature ,  which inc reases  wi th  

mission t i m e  . 

f o r  s o l u t i o n  w i t h  t h e  SINDA Multi- 

This  program uses  as inpu t  t h e  r e s u l t s  of t h e  

which computes the  

For use i n  t h e  thermal  sub rou t ine ,  t h e  temperature  computed f o r  t h e  s u r f a c e  

of t h e  oxygen tanks by t h e  TMM has been averaged f o r  each tank and ( c u r v e  f i t  as 

a f u n c t i o n  of t i m e .  The form of t h e  r e s u l t i n g  curve f i t  equat ions  i s : :  

3 
~ = a  0 + a x + a 2 x 2 + a x  1 3 

where x i s  t h e  t i m e  argUmenL 

rhese  curve  f i t  equa t ions  have been implemented i n t o  t h e  thermal sub rou t ine ,  

thus,  enabl ing t h e  tank  o u t e r  w a l l  temperature t o  b e  es t imated ,  t ak ing  i n t o  

account t h e  mission mode ( i n e r t i a l  hold o r  pas s ive  thermal c o n t r o l )  i n  a d d i t i o n  

t o  the sun  look angle .  The c o e f f i c i e n t s  f o r  t h e  polynomial curve f i t  equa t ions  

are shown i n  Table 3 . 2  t oge the r  w i t h  t h e  inhe ren t  s tandard  dev ia t ion  in t roduced  

wi th  t h e i r  use. The f i r s t  s i x  curves  presented  i n  t h i s  t a b l e  are used i n  t h e  

thermal sub rou t ine  Ternnerqtures f o r  t h e  remainLng n d o s  ?-n Table 3.2 w i l l  
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be used  i n  l i n e s  and components model when t h e  In t eg ra t ed  Systems 

Program i s  completed. 

The f i r s t  s t e p  i n  the  oxygen tank thermal sub rou t ine  i s  t o  de te r -  

mine if t h e  tank vacuum j a c k e t  is  nominal o r  has  f a i l e d .  I f  t h e  vacuum 

j a c k e t  has  f a i l e d ,  t h e  h e a t  l e a k  i s  computed us ing  methods d iscussed  i n  

Sec t ion  3 . 2 . 3 .  

mode is  checked and t h e  tank  ou te r  w a l l  temperature  i s  determined us ing  

I f  t h e  tank is  i n  nominal ope ra t ing  condi t ion ,  t he  mission 

t h e  c o r r e l a t e d  r e s u l t s  from t h e  TMM program. A Newton-Raphson i t e r a t i o n  

technique is used t o  a d j u s t  t h e  t i m e  argument of each curve t o  determine 

t h e  o u t e r  w a l l  temperature.  These temperatures  are then ad jus t ed  t o  account 

f o r  t h e  sun look  angle .  The temperature of t h e  f l u i d  i n  t h e  VCS i s  then  

computed from t h e  temperature  of t h e  f l u i d  i n  s t o r a g e  and t h e  o u t e r  w a l l  

temperature ,  us ing  an  i t e r a t i o n  scheme. Once t h e  temperature of t h e  

VCS f l u i d  has been determined, t h e  h e a t  f l u x  i s  computed us ing  Equations 

(21, (31, and ( 4 )  - 
3 . 2 . 3  Vacuum Annulus F a i l u r e  

The nominal p re s su re  i n  the  tank annulus under t h e  des ign  vacuum condi- 

-7 t i o n  is approximately 10 t o r r  (mm Hg). Depending upon t h e  type  of f a i l u r e ,  

t h e  annulus p re s su re  i n  t h e  f a i l e d  condi t ion  w i l l  b e  somewhere between the  nominal 

p re s su re  and t h e  annulus  b u r s t  d i s c  pressure .  Burst  d i s c  p re s su res  f o r  t h e  

oxygen and hydrogen tanks  are approximately 75 and 80 p s i a ,  r e spec t ive ly .  

Within t h e s e  p re s su re  bounds, gas  i n  t h e  annulus may exist  i n  e i t h e r  r a r e f i e d  

o r  continuum regimes. 

no t  exact, i t  i s  based p r imar i ly  on t h e  r a t i o  of t h e  molecular mean f r e e  

pa th  t o  t h e  amount of space  a v a i l a b l e  f o r  molecular  motion. 

i s  def ined  as t h e  Knudsen number (K ) . For v a l u e s  of K < 0.01 t h e  

gas  is  normally t r e a t e d  as continuum flow, w h i l e  f o r  va lues  of Kn > 1.0 

t h e  gas  i s  assumed to  be i n  t h e  r a r e f i e d  regime. For t h e  CSS tanks ,  a n  

-3  annulus p re s su re  on t h e  o rde r  of 13 

between t h e  two regimes. 

Although criteria f o r  determining t h e  gas  regime is 

This  r a t i o  

n n 

p s i a  r e p r e s e n t s  the t r a n s i t i o n  

2% 



The type  of a n a l y s i s  used t o  compute t h e  amount of hea t  t r a n s f e r r e d  

ac ross  t h e  annulus depends upon t h e  flow regime. For t h e  r a r e f i e d  regime 

(Kn > 1.0)  t h e  equat ion  f o r  determining t h e  h e a t  f l u x  pe r  u n i t  area i s  

g iven  by Reference 4 as: 
I D 

For continuum flow regimes,  t h e  hea t  f l u x  pe r  u n i t  area i s  g iven  by Reference 5 as: 

An a n a l y s i s  w a s  performed f o r  t h e  Apollo cryogenic  s t o r a g e  tanks  (Reference6) 

assuming r e s i d u a l  gas  i n  the  annulus c o n s i s t e d ,  of a i r  o r  t h e  a p p r o p r i a t e  cryogen. 

Data shown i n  Table3 .3  are a r e s u l t  o f t h i s  a n a l y s i s  and r ep resen t  t he  

h e a t  conducted through t h e  gnnulus by t h e  r e s i d u a l  gas .  

i s  i n  a d d i t i o n  t o  t h e  nominal h e a t  f l u x  t o  t h e  tanks.  The d a t a  shows t h a t  

f o r  an  annulus p re s su re  of less than  approximately low7 p s i a ,  h e a t  conduc- 

t i o n  by t h e  r e s i d u a l  gas  i s  e s s e n t i a l l y  n e g l i g i b l e .  However, h e a t  conduction 

inc reases  r a p i d l y  wi th  inc reas ing  annulus pressure .  

This  heat t r a n s f e r  

Table 3.4 summarizes t h e  t o t a l  hea t  t r a n s f e r r e d  t o  t h e  tanks  as a 

func t ion  of t h e  annulus pressure .  Heat t r a n s f e r  c a l c u l a t i o n s  f o r  annulus 

pressures  of 15, 75, and 90 p s t a  were c a r c i e c  OU: fcz continuum f low us ing  

Equation (6). 

and 3 . 4  w e r e  performed f o r  t h e  r a r e f i e d  regime us ing  Equation (5). 

Ca lcu la t ions  for the remaining p res su res  shown i n  Tables  3 . 3  

The t o t a l  h e a t  t r a n s f e r  t o  t h e  tanks  as a f u n c t i o n  of t h e  annulus  

p re s su re  i s  shown i n  g raph ica l  form i n  F igures  3 . 3  and 3 . 4 .  These f i g u r e s  

i n d i c a t e  t h a t  f o r  annulus  p re s su res  g r e a t e r  

p s i a ,  r e s p e c t i v e l y ,  f o r  t h e  oxygen and 

than  approximately and 

hydrogen tanks ,  t h e  hea t  t rans-  

f e r  i n c r e a s e s  s i g n i f i c a n t l y .  
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TABLE 3.4 CSS TANK HEAT LFAK SUMMARY 

PRES SURF. 
TORR 
(mm) 

PSIA 

Q = qA 

4 
Loglo p Cond . 

PSIA BTU/HR/FT' 

m n 

90. 
15 .  

2 .  x 10-5 
1 x 10-5 
1 x 10-6 
1 x 10-7 
1 x 

90. 
15.  

2. x 
1 x 10-5 
1 x 10-6 
1 x 10-7 
1 x 10-8 

75. 

MODE & CURVE 

4 . 6 ~ 1 0 ~  1 .95  
7 . 6 ~ 1 0 2  1.176 

5 ~ 1 0 - ~  -5.0 
5 ~ 1 0 - ~  -6.0 
5 ~ 1 0 - ~  -7.0 
5x10V7 -8.0 
4 . 6 ~ 1 0 3  1.95 
7 . 6 ~ 1 0 ~  1.176 
1x10-3 -4.70 

1x10-3 -4.70 

-5.0 
5x10-5 -6.0 
5x10-6 -7.0 
5x10-7 -8.0 
3 . ~ ~ 1 0 3  1.875 

1. H2 Tank 

A i r - R e s .  Gas 

15 .  
2 .  10-5, 
I x 10-5 
1 10-6 
1 x 10-7 

75. 
15.  

1 10-5 
1 x 10-6 

!.o 10-5 

1 10-7 

2 .  H Tank 2 
€12 R e s .  Gas 

7 . 6 ~ 1 0 2  

5x10V4 
5x10-5 
5x10-6 
3 . 8 ~ 1 0 ~  
7 . 6 ~ 1 0 ~  

5x10-4 
5 ~ 1 0 - ~  

lX1o=2 

iX10-3 

5xio-6 

3. O2 Tank 

A i r  R e s .  Gas 

4.  O 2  Tank 

02 R e s .  Gas 

L where: A. = 13.7 f t L  AH = 17.5 f t  
n n 
L L 

I. 176 
-4.70 
-5.0 
-6.0 
-7.0 

1 . 8 7 5 ~  
1.176 

-4.70 
-5.0 
-6.0 
-7.0 

- 
115.58 

7.85 
.805 
.0845 
.009 - 

59.1 
29.8 

3.06 
.321 
.033E - - 

7.13 
3.58 

.365 

.04 - - 
6.82 
3.43 

.350 

.04 
I I I 

(? 
Cond. 

BTU/HR 

750. 
744. 
272. 
137. 
1 4 . 1  

1.48 
.15 

1250. 
1240. 
1033, 

521. 
53.5 

5.62 
.592 

2010. 
2000. 

97.6 
49.0 

5.0 
.55 

1260. 
1250. 

93.5 
47.0 

4.8 
.55 

* 
QH.L. 

Nom 
BTU 
10% 
- 

4.5 

A 

I 
4.5 
17.1 

17. ( - 

QT 

BTU - 
10% 

755 
749 
277 
142 
18.6 
5.98 
4.7 
1255 
1245 
1038 
526 
58 
0.12 
5 . 1  
2027 
2017 
1 4 . 6  
66. 
22. 
7.6 
1277 
1267 
10.5 

HR 

100% 
F u l l  

- 

- 

755 
749 
277 
142 
19.6 
6.98 
5.7 
1255 
1245 
1038 
526 
59 
11.1 
6 . 1  
2035 
2025 
1 2 2 .  
84 .  
30. 
25.6 
1285 
1275 
118. 
72. 
29.8 
25.6 
- 

* The nominal h e a t  l e a k  v a l u e s  were obtained from t h e  CSS F l i g h t  Support 
Handbook(Reference l), Figures  3.4.4 and 3.3.5 a t  flows of fig = .88 I b / h r  and in 
= 0.10 l b / h r .  2 H 2  
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Loglo P,  Annulus Pressure (Psia) 
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These curves have been incorpora ted  i n t o  the s t o r a g e  tank thermal model. 

When t h e  thermal subrout ine  encounters  a f a i l e d  tank f l a g ,  i t  uses  t h e  

d a t a  presented  i n  t h e  f i g u r e s  t o  determine t h e  h e a t  f l u x  t o  t h e  

tank  Lased upon t h e  vacuum j a c k e t  pressure.  This  p re s su re  i s  a n  

inpu t  t o  t h e  program. 

3.3 Components and Lines  Model 

The components and l i n e s  model is  a two s t a g e ,  t r a n s i e n t  and ins tan taneous  

s teady  s t a t e  mathematical  r ep resen ta t ion  of t he  phys ica l  system. A lumped para- 

m e t e r  e x p l i c i t  t r a n s i e n t  model (matrix model) i s  used t o  determine t h e  

propor t ion ing  of t h e  f low rate from the  tanks and t h e  subsequent flow 

ra te  d i s t r i b u t i o n  i n  t h e  l i n e s .  The mat r ix  model inc ludes  t h e  

system from t h e  s t o r a g e  tank  t o  the p o i n t  where the s i n g l e  l i n e  f l o w  

rate i s  uniquely determined by t h e  EPS and/or  ECS f low requirements and 

any leakage downstream of t h a t  po in t .  Non-linear c h a r a c t e r i s t i c s  of t h e  

va r ious  components are accounted f o r  i n  t h e  s o l u t i o n  by i t e r a t i o n  of  a 

c h a r a c t e r i s t i c  matrix. The ins tan taneous  s teady  s ta te  model (nodal model) 

i s  used t o  update  t h e  component c h a r a c t e r i s t i c s  i n  each i t e r a t i o n  as w e l l  

as t o  determine t h e  thermodynamic p r o p e r t i e s  f o r  t h e  e n t i r e  system. 

The s p e c i f i c  conf igu ra t ion  discussed i n  t h i s  document i s  f o r  t h e  

Apollo 14 H-Mission. Subsequent conf igura t ions ,  t o  be included i n  t h e  

In t eg ra t ed  Systems Program w i l l  be  modeled s i m i l a r l y  i n  na tu re ,  b u t  w i l l  

d i f f e r  i n  t h e  plumbing and tankage arrangement. 

3.3.1 Model Descr ip t ion  

I n  o rde r  t o  achieve  an e f f i c i e n t  method of determining t h e  flow 

d i s t r i b u t i o n  from t h e  tanks ,  an  e x p l i c i t  s o l u t i o n  of a n  equ iva len t  l i n e a r  

c i r c u i t  is used as t h e  f i rs t  s t a g e  of t h e  ma t r ix  model. The nonl inear  

c h a r a c t e r i s t i c s  are determined by t h e  i t e r a t i o n  of a characterist ic mat r ix ,  

This  method of s o l u t i o n  w a s  chosen over  a response v e c t o r  i t e r a t i o n  
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technique because i t  a s s u r e s  a flow ba lance  (con 

i n d i v i d u a l  i t e r a t i o n  as opposed t o  a near  mass b 

i t e r a t i o n  only. That is, t h e  sc chosen w i l l  

convergence cri teria than  a l t e r n a t e  methods. 

f o r  t h i s  type  of s o l u t i o n  w a s  developed us ing  t h e  fo l lowing  e l e c t r i c a l  

analogy. 

ch  

T 

The ins tan taneous  p r e s s u r e  drop f o r  incompressible  flow a c r o s s  a 

l i n e  wi th  i n l e t  a t  s t a t i o n  i and o u t l e t  a t  s t a t i o n  j i s  given by: 

aPi-j =(?) 5gc 2 

i j  

Since 

Introducing a mean dens i ty  between i and j as 

, P,+P, 

t h e  fol lowing equat ion  i s  obta ined  

Noting t h a t  f o r  laminar  flow i n  a c y l i n d r i c a l  c r o s s  s e c t i o n  

(7) 
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Equation (11) becomes 

s e t t i n g  

P2 = E 

and 

i = I  Y 

Equation (13) becomes 

I AE = - 
G y  

where 

Introducing Equation (14) i n t o  Equation (18)l r e s u l t s  i n  

That i s ,  i n  t h e  t ransform v a r i a b l e s  

c - -  dE I R *  V o Z  dP y 

d t  

where C i s  an  equ iva len t  capac i tance  equal  t o  

v O  c = -  
2RTP 9 

(20) 
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and I is an equ iva len t  r e s i d u a l  c u r r e n t  given by: R 

'0' dT 
I R  RT2 d t  

= -  - 

Therefore ,  t h e  t r a n s i e n t  flow c i r c u i t  r e p r e s e n t a t i o n  is  given by: 

and has  an  equ iva len t  e l e c t r i c a l  c i r c u i t  r e p r e s e n t a t i o n  equal  to :  

IR = 11 Cdt -  
dE 

The o v * e r ? l l  flow d i a  ' r a m  of  t h e  program is  shown i n  F igure  3.5, 

Subsequent t o  i n i t i a l i z a t i o n ,  t h e  program eva lua te s  t h e  capac i tance  

and r e s i d u a l  c u r r e n t  t e r m s  , and t h e  conductances f o r  t h e  va r ious  

l e g s  r equ i r ed  by t h e  ma t r ix  mode, The conductances are i n i t i a l l y  

evaluated from inpu t  r e s i s t o r  d a t a  and subsequent ly  from r e s i s t o r  v a l u e s  

c a l c u l a t e d  i n  t h e  nodal  component model. The matrix model e v a l u a t e s  t h e  

p re s su res  a t  t h e  v a r i o u s  l e g  i n t e r s e c t i o n s  from which t h e  f l o w r a t e s  i n  t h e  

v a r i o u s  l e g s  are determined. The nodal component model processes  t h e  flow, 

p re s su re ,  and temperatures  a t  each component and re -eva lu tes  t h e  component 

r e s i s t a n c e  va lues  f o r  r e s u l t i n g  non- l inear i ty .  I f  only minor adjustments  t o  

t h e  r e s i s t o r  va lues  are requ i r ed ,  t h e  program proceeds t o  t h e  next  t i m e  step. 

Otherwise, t h e  program r e t u r n s  t o  o b t a i n  a f i n e r  eva lua t ion  of t h e  l e g  i n t e r -  

s e c t i o n  p res su res  and flows. 

3.3.2 Matrix Model 

T h e  matrix model is  used t o  e v a l u a t e  t h e  p r e s s u r e  a t  t h e  va r ious  f low 

l i n e  i n t e r s e c t i o n s  as a f u n c t i o n  of t ank  condi t ions ,and  oxygen and hydrogen flow 

requirements ,  Separa te  models are used f o r  the oxygen and hydrogen systems. 
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Schematics of t h e  mat r ix  models are shown i n  F igures  A-1 and A-2 (Appendix 111) 

f o r  t h e  oxygen and hydrogen systems. The models process  a set of l i n e a r  simul- 

taneous equat ions  f o r  a f i n i t e  t i m e  increment,  The c h a r a c t e r i s t i c  matrix 

has  two f l o a t i n g  columns and rows and t h e  boundary cond i t ion  v e c t o r  has  two 

f l o a t i n g  columns. 

equat ions  t o  inco rpora t e  up t o  two l e a k s  a t  a r b i t r a r y  l o c a t i o n s  i n  each of t h e  

systems. 

f l o w  i s  choked 

These a d d i t i o n a l  elements are used t o  expand t h e  system Of 

For.compressible f l o w  such as leaks and overboard ven t ing  i n  which t h e  - 

ki 5 
= K  . 

P iAi 

This  e lectr ical  equiva len t  i s  a s h o r t  t o  ground g iven  by 

where 
A, K 

1 

(25) 

Heating ?P cool ing  of t h e  f l u i d  i n  the l i n e s  due t: an in te rchange  of 

energy wi th  t h e  bay env-ironment is modeled as a s i n g l e  pass  h e a t  exchanger 

w i t h  a cons t an t  s i n k  temperature  T over  a g iven  length .  The r e l a t i o n  i s  S 

T .-T -UA/&c 
T,-Ti 
i = P 

o r  f o r  d i r e c t  i nco rpora t ion  i n t o  Equation (13) 

PI 
-UA/GC 

p) + Ti(l+e 
-UA/GC 

Tj+Ti = Ts(l-e  

(28) 

(29) 

S u b s t i t u t i n g  Equation (29) i n t o  E q u a t i o n ( 1 3 ) t h e  p re s su re  l o s s  a c r o s s  a l i n e  

segment becomes 
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where UA is  a l i n e a r i z e d  r a d i a n t  in te rchange  f a c t o r  given by 

(31) 0 2 2 
8 S J  

U A = -  EA (2T + T.+Ti) (4Ts + (Ti+Ts) ) 

Equat ion(30) i s  t h e  f i n a l  l i n e  p re s su re  l o s s  equat ion  f o r  compressible  f l u i d  

f low and h e a t  a d d i t i o n  irom t h e  surrounding environment. 

A t y p i c a l  lumped parameter equat ion  used i n  r ep resen t ing  t h e  oxygen SYS- 

t e m  i s :  

G3(E1 - E2) = C 2 x  dE2 + G4(Ez - E4) + G (E 
10 2 - EIO) - 'R2 

where the  s u b s c r i p t s  r e f e r  t o  node l o c a t i o n  numbers and l i n e  l e g s .  

gen system lumped parameter equat ions are s i m i l a r  t o  t h e  oxygen system equa- 

t i o n s .  A complete l i s t  of t h e  lumped parameter equat ions  f o r  both t h e  oxygen 

and hydrogen systems is  presented i n  Appendix I11 along wi th  f i g u r e s  i n d i c a t i n g  

node l o c a t i o n s  and t a b l e s  present ing  t h e  l i n e  volumes used i n  t h e  capac i tance  

and r e s i d u a l  c u r r e n t  t e r m s .  

3 . 3 . 3  Nodal Model 

The hydro- 

The nodal  components model processes  t h e  flow, p re s su re  and temperature  

a t  each ind iv idua l  component. 

Lines  and F i t t i n g s  

The p res su re  l o s s  i n  l i n e s  inc luding  f i t t i n g s  and bends from i n l e t  i t o  out- 

l e t  j i s  c a l c u l a t e d  by 

These components are analyzed as fol lows:  

(Ti + T j )  lil 1 128pLR 

C 

where t h e  temperatures  are evaluated from Equations (30) .  Bend l o s s e s  

are incorpora ted  by an  equ iva len t  L/D. 

shown i n  F igure  3.6. 

T.he dependence of L/D t o  bend angle  i s  

B-nuts and f i t t i n g s  are incorpora ted  by a n  equiv.alent L/D of 

3.0. 
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F i l t e r s  

The p res su re  l o s s  a c r o s s  a f i l t e r  is  eva lua ted  similar t o  t h e  p re s su re  l o s s e s  

computed f o r  t h e  l i n e s  and f i t t i n g s  except  t h a t  due t o  the  r e l a t i v e l y  s h o r t  

l ength  t h e  flow process  is  assumed a d i a b a t i c .  That i s ,  from i n l e t  i t o  

o u t l e t  j : 

The equiva len t  L/D f o r  f i l t e r  is  assumed t o  be  100.0. 

Check Valves 

The p res su re  l o s s  a c r o s s  check valves i s  eva lua ted  similar t o  t h a t  computed 

f o r  f i l t e r s  where: 

when the  valve is  open, and: 

2 - p  E - 2 
pi j G (35) 

when t h e  valve i s  closed.  

The conductance term, G ,  used i n  Equation (35) is i l l u s t r a t e d  i n  

F igu re  3. 7 .  

t o  s imula t e  back f low o r  i n t e r n a l  leakage. 

Relief Valves 

Rel ie f  valves are eva lua ted  i n  a manner similar to t h a t  used f o r  eva lua t ing  

t h e  check valves where : 

Note t h a t  nega t ive  reseat and cracking  p res su res  may be  used 
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when t h e  valve i s  open, and 

when t h e  valve i s  closed.  

The conductance used i n  Equation ( 3 7 )  i s  presented  

Negative cracking and reseat p res su res  may b e  used 

check valve malfunct ion.  

Shutoff Valve 

The shu to f f  va lve  p re s su re  l o s s  is c a l c u l a t e d  

i n  F igure  3.8. 

t o  s imula t e  

s i m i l a r  t o  t h a t  of a 

f i l t e r .  

is opened and theconductance i s  set  t o  10  when the valve is  closed.  

For t h i s  c a l c u l a t i o n  t h e  L/D r a t i o  is  set equal  t o  10 when t h e  valve 

-8 

Res t r i c t o r s  

The p res su re  drop ac ross  t h e  flow r e s t r i c t o r s  i s  evaluated using t h e  

d a t a  shown i n  F igure  3.  9. 

Overboard Vents and Leaks 

The e f f e c t  of overboard v e n t s  and leaks on t h e  system performance 

i s  evaluated assuming t h e  flow through t h e  l e a k  o r  ven t  is  son ic ,  and applying 

Equations (25) and (26). 

A schematic of t h e  nodal  model network f o r  the oxygen system is 

shown i n  Figure  3.10. Constants  used i n  t h e  system are given i n T a b l e  3.5. 

A schematic  of  t h e  nodal  model network f o r  the hydrogen system is  shown on 

Figure  3.11. Constants  used i n  t h e  system are g iven  i n  Table  3.6. 
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FIGURE 3. ? CHECK VALVE RESISTANCE CHARACTERISTICS 
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FIGURE 3. 8 RELIEF VALVE RESISTANCE CHARACTERISTICS 
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1 
Table 3 .5  Oxygen System Cons tan ts  

b 

P s INK 
C r P %FF 

LEG NO NODE NO LEFF 

1 
1 10.50 0.21 999. 

2 63.54 0 .21  

3 0.0346 

977. 

163 

2 

5 18.30 0.21 

6 21.00 0.21 

7 42.26 0.21 

8 

163 

163 

3 

10 74.65 0.21 

11 79.08 

1 2  89.50 

1 3  46.32 

14 21.00 

15 5.85 0.21 

16 

163 

16 3 

150 

15 1 

3. 1 .5  

151 

4 

18 8.15 0.21 

19 18.62 

20 2.10 

2 1  54.39 

22 40.06 0.21 

15 1 

151 

151 

15 1 

2 3  

24 4 2 x 1 0 ~  0.21 3. 1 .5  

5 25 32.11 0.21 15 1 
26 

27 10.50 0.21 999 * 977. 

I 6  28 16.62 0.21 

29 

15 1 

- 

30 36.62 0.21 
~ ~- 
15 1 

31 21.00 0.21 l 7  32 37.11 0.21 15 1 

1 33 

Data obta ined  o r  der ived  from system drawings and References 9 and 10. 
1 
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Table  3 . 5  (Cont'd) 

35 18.29 0 .21  15 1 

36 21.00 

8 37 43.39 15 1 

3. 1 . 5  
5 38 16x10 0 .21  

39 

40 21.63 0 .21  

9 4 1  24.92 0.21 15 1 

42 16x105 0 .21  3. 1 . 5  

4 3  

44 

45 

46 

47 

48 

49 

50  

5 1  

10 52 

53 

54  

55 

56 

57 

58  

80.25 

24.32 

78.03 

17.92 

64.49 

16.30 

81.66 

61.24 

29.26 

31.62 

21  

20 

85 

00 

32 

64 

0 .21  

0 .21  

0.18 

0.18 

0.21 

0 .21  

0.21 

15 2 

15 2 

15 3 

160 

160 

160 

161  

16 1 

1 6 1  

162 

162 

16 2 

6 1  29.37 0.21 15 1 

11 62 21.00 0.21 

63  39.06 0 .21  151 

1 2  65  18 .71  0 .21  

66 

15  1 
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Table 3.5  (Cont'd) 

1 3  

67 

68 

10.50 0 .21  

25.14 0 .21  

1000.5 977. 

15 1 

69 

14 

70 

7 1  

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

25.51 

86.01 

20.32 

77.62 

17.29 

56.21 

16.80 

82.91 

57.73 

34.73 

18.69 

21.00 

5.35 

0 .21  

0 .21  

0.18 

0.18 

0.18 

0.21 

0.21 

151  

152 

15 2 

15 3 

160 

160 

16 0 

16 1 

161  

1 6 1  

162 

16 2 

~ 

15 
~~ 

87 

88 

~~ 

43.94 0.338 

0.0897 

15  1 

16 91  

59 

60 

4 5 ~ 1 0 ~  0 . 2 1  

2.76 0 .21  

3 .  1 . 5  

162 

1 7  92 

85 

86 

4 2 ~ 1 0 ~  0.21 

10.05 0 .21  

3. 1.5 

16  2 
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c 

(3) SINK L~~~ AEFF pc 
(IN) (IN) (1~2) (LB,/IN~) (LB~/IN INDEX 2 

p r  
(2) LEG NO NODE NO 

1 
1 10 1 

10 2 
40.67 0.21 
33.86 0.21 

154 
15 5 

10 4 59.22 0.335 15 6 
105 84.70 156 
10 6 62.09 15 7 

2 10 7 39.60 15 2 
10 8 51.53 15 8 
109 174.10 0.335 15 9 
110 0.880 

3 111 61.86 0.21 15 5 
112 
113 10.50 0.21 281.5 273.5 

4 114 23.28 0.21 15 5 
115 
116 10.50 0.21 280. 274. 

5 117 16.76 0.21 155 
118 
119 23.14 0.21 155 
120 21.00 

6 121 
122 
12 3 

23.80 
126x10’ 0.21 

15 5 
3. 1.5 

124 
7 125 

126 
127 

21.00 0.21 
33.14 
22.93 

3. 1.5 
155 
155 

I 
132 21.00 
128 28.49 155 

8 129 126x10’ 0.21 3. 1.5 

130 

Data obtained or derived from systems drawings and References 9 and 10. 1 
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3 . 4  Thermophysical P r o p e r t i e s  f o r  Oxygen and Hydrogen 

Computer sub rou t ines  f o r  computing t h e  thennophysical p r o p e r t i e s  

Apollo f o r  oxygen and hydrogen have been developed f o r  i n c l u s i o n  i n t o  t h e  

Cryogenic Systems Programs, The  ma jo r i ty  of t h e  d a t a  used i n  t h e s e  subrout ines  has 

been recommended by t h e  Nat iona l  Bureau of Standards (NBS). 

a v a i l a b l e  from t h e  NBS was  taken from Reference l l ( S t e w a r t ) .  

t h e s e  subrout ines  determine p res su re  (P) , temperature  (T) , d e n s i t y  (p)  , 

enthalpy (H), t h e  s p e c i f i c  h e a t  a t  cons t an t  p re s su re  (e ), t h e  s p e c i f i c  

h e a t  a t  cons tan t  volume (c,) , v i s c o s i t y  (p) , thermal  conduc t iv i ty  (k) , 

isotherm and i sochor  d e r i v a t i v e s  and t h e  func t ions  4 and 0 ,  provid ing  

s u f f i c i e n t  information concerning t h e  f l u i d  s ta te  is  known. The d a t a  

i s  included i n  t h e  subrout ines  both i n  equat ion  and t a b l e  form. 

r o u t i n e  is  a l s o  included i n  t h e  subrout ines  f o r  i n t e r p o l a t i n g  between va lues  

from the  t a b l e s .  

That da t a  n o t  

I n  gene ra l ,  

P 

A 

3.4.1 Oxygen 

Data contained i n  t h e  subrout ines  f o r  computing t h e  thermophysical proper- 

ties of oxygen w e r e  taken from References 11, 1 2  and 13. 

s e n t s  a n e q u a t i o n  of s ta te  f o r  oxygen determined by R. B. Stewart .  The isotherm 

and i sochor  d e r i v a t i v e s  were der ived  from t h i s  equat ion.  While Reference 1 2  

(Weber) a l s o  p r e s e n t s  d a t a  f o r  the isotherm and i sochor  d e r i v a t i v e s ,  t h e  r e s u l t s  

der ived  from Reference 11 are v a l i d  f o r  a g r e a t e r  range.  

References 11 pre- 

Both sets of d a t a  

were inc luded  i n  t h e  thermophysical subrout ines  t o  provide g r e a t e r  f l e x i b i l i t y  

s i n c e  t h e  d e r i v a t i v e s  der ived  from Reference 11 may be  determined wi th  known 

va lues  of temperature  and d e n s i t y ,  wh i l e  t h e  d a t a  from Reference 1 2  r e q u i r e s  

t h a t  e i t h e r  p r e s s u r e  and temperature  o r  p re s su re  and d e n s i t y  b e  given. 

Although t h e  Weber d a t a  i s  p re fe r r ed  by NBS, t h e  r e s u l t s  us ing  t h e  equat ion  

developed by S t e w a r t  are q u i t e  accep tab le  f o r  p r a c t i c a l  a p p l i c a t i o n .  
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The equat ion  of s ta te  provided by Reference 11may  be  used t o  compute 

p re s su re  from known va lues  of d e n s i t y  and temperature.  

v a l i d  f o r  temperatures between 117 and 540 R and f o r  p re s su res  t o  5000 p s i a .  

This  equat ion  i s  

0 

The equat ion  of s ta te  i s  as fol lows:  

2 4 6 2  + n4/T + n5/T )P p = p R T + (n  T + n + n /T 
1 2 3  

= 13.333 g m o l / l i t e r ,  c r i t i ca l  dens i ty  
P C  

where: 

Tc = 154.77 OK, c r i t i ca l  temperature  

0 
I n  t h i s  express ion ,  P i s  i n  atmospheres, T is i n  K, and p i s  i n  gmol / l i t e r .  

The cons t an t s  f o r  t h i s  equat ivn a r z  gjven i n  T z i l e  3. 7. 

Equation ( 3 8 ) i s  programmed i n  Subrout ine 0UTP. 

u n i t s  of dens i ty  from lbm/cu-ft t o  g m o l / l i t e r  and temperature  from 

The subrout ine  conver t s  t h e  

0 R t o  

0 K p r i o r  t o  use. The output  p re s su re  is i n  p s i a .  

The isotherm d e r i v a t i v e ,  - i s  t h e  p a r t i a l  d e r i v a t i v e  of Equation (381, a p l  a p  T '  

wi th  r e s p e c t  t o  t h e  dens i ty  a t  cons tan t  temperature ,  and is g iven  by: 

24 

Values f o r  t h e  v a r i a b l e s  i n  t h i s  equat ion  are presented  i n  Table  3. 8. 
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TABLE 3. 7 

CONSTANTS FOR STEWART'S EQUATION OF STATE 

R = 0.0820535 

= 3,38759078 x nl 

n2 = -1.31606223 

3 

7 

n = 1,92049067 x 10  

= 1,92049067 x 10 

= -2.90260005 x 10 

= -5.70101162 x 

3 

n4 

n5 
10 

n6 

n = 7.96822375 x 7 

"8 = 6.07022502 x lom3 

= -2.71019658 n9 

= -3.59419602 x 10 

= 1.02209557 x 

n = 1.90454505 x 1 2  

nl 3 

n10 

rill 

= 1.21708394 x IOm5 

n = 2.44255945 x 14  
2 n = 1.73655508 x 10 15 
5 n16 = 3.01752841 x 10  

7 n = -3.49528517 x 1 0  1 7  

= 8,86724004 x 10-1 

2 
= -2.67817667 x 10 

5 
= 1,05670904 x 1 0  

= 5.63771075 x 

9 

n20 

n21 

n22 = -1.12012813 

n23 

n24 

n25 = -0,00560 

n26 = -0,157 

n27 = -0.350 

n28 = 0.90 

2 = 1.46829491 x 10 

= 9.98868924 x 
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TABLE 3. 8 - VARIABLES FOR COMPUTING ISOTHERM DERIVATIVES 

X = 2pT 1 

2 x = 2p 

2 

4 

6 

2 2  

2 

2 

X3 = 2p/T 

X4 = 2p/T 

X5 = 2p/T 

X = 3 p T  6 
- X7 - 3 p  T 

x = 3 p  8 

2 

3 
x18 = f7 /T  

X19 = f7 /T  

4 
x23 = fg /T  

(n (n28+1) 
f 2 f l  X 2 4 = f  f f + p  28+1' fl*f3 4- p 9 2 3  

n28 
- P  

n28 
f 2  = P c, 

L 

F3 = exp [n26f2 + n27(T-Tc) 2 1 

f 4  = 2n27(T-Tc)f3 

f5 = 2flp n25 

2 3 E g = 3 f p  + f p  1 5 
f 7 = 5 f p  4 + f p  5 

f 9  = (n28+1 1 Pn28 

1 5 
6 7 f 8  = 7flP + f 5 P  

= n ~ ( ~ 2 8 - 1 )  

2 26 3 10 

28 

f l l  = 2f n f f 
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The c o e f f i c i e n t s  n are t h e  same as t h a t  f o r  Equation (38). The subrout ine  

f o r  computing t h e  isotherm d e r i v a t i v e  is  0DTIT. This  sub rou t ine  conver t s  

i 

0 0 d e n s i t y f r o m  lbm/cu-ft t o  g .mol / l i t e r  and temperature  from R t o  K p r i o r  t o  

3 i ts  use  i n  Equation (39).  The output  d e r i v a t i v e  i s  i n  u n i t s  of p s i a - f t  /lbm. 

The i sochor  d e r i v a t i v e ,  2 I , i s  t h e  p a r t i a l  d e r i v a t i v e  of Equation 
aT P 

(381, w i t h  r e s p e c t  t o  temperature a t  cons tan t  d e n s i t y  and i s  g iven  by: 

24 

where t h e  n .  are t h e  same as those  l i s t e d  f o r  Equation (38). The v a r i a b l e s  

i n  t h i s  equat ion  are shown i n  Table 3.9. 

1 

The subrou t ine  ca l l  f o r  computing 311 is  @DTIC.  The procedure f o r  
a T  P 

Conversion from one set of u n i t s  t o  the  o t h e r  is  t h e  same as f o r  Equations 

(38) and (39).  The output  d e r i v a t i v e  i s  i n  u n i t s  of p s i a /  R. 0 

In a d d i t i o n  t o  providing d a t a  f o r  t h e  isotherm d e r i v a t i v e  and t h e  i so-  

chor d e r i v a t i v e ,  Reference 1 2 ,  included d a t a  f o r  d e n s i t y ,  en tha lpy ,  s p e c i f i c  

h e a t s  (at  cons tan t  p re s su re  and volume) and t h e  func t ions  6 and 4 .  A l l  are 

i n  t a b u l a r  form. Fur ther  f l e x i b i l i t y  w a s  provided by pe rmi t t i ng  t h e s e  proper- 

ties t o  be determined from known va lues  of p re s su re  and temperature  o r  from 

p res su re  and dens i ty .  

540°R a t  5 degree increments and f o r  p re s su res  ranging from 558 t o  1029 p s i a  

a t  increments of 73.5 p s i .  Table  3.10 lists t h e  subrout ines  f o r  determining 

These t a b l e s  are v a l i d  f o r  temperatures  from 100 t o  

each o f t h e  thermophysical parameters.  I n  these  sub rou t ines ,  p re s su re  is  i n  

0 3 p s i a ,  temperature  i s  i n  R and dens i ty  is  i n  lbm/f t  . 
Data from Reference 13 is  a l s o  i n  t h e  form of t a b l e s  and provides  

v i s c o s i t y  and thermal conduc t iv i ty  as func t ions  of p re s su re  and temperature.  

This  d a t a  is  v a l i d  f o r  temperatures  ranging from 180 t o  540 R a t  increments 
0 
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TABLE 3.9 

VARIABLES FOR COMPUTING ISOCHOR DERIVATIVE 

3 2  X17 = -4pfl/T 5 Xg = -p /T  2 x1 = P 

X3 ='-2p /T  

5 3  

5 

5 5  

7 3 

7 4  

7 5  
1 

X18 = -2p f l / T  3 3  x = o  Xl0 = -2p /T  2 

X19 = -3p 2 3  4 

2 5  

2 7  

3 5 2  

Xll = P 

X12 = 0 

X13 = 0 

x20 = - 4 p  f l / T  

X21 = -2p f l / T  

X22 = -3p f l / T  

X23 = -4p f / T  

xg = 0 X15 = -3p 3 4  f l / T  (n28+1) 
X24 = P f2f4 

where: f l  = exp (n28p ) 

X = -40 / T  

X5 = -6p /T  

4 

X6 = 2Tp Xi4 = -P /T  

3 3  X15 = -2p f l / T  3 x7 = P 

2 

28 n n28 f2 = P - P, 
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of 18 degrees  and f o r  p re s su res  from 588 t o  1029 p s i a  a t  increments of 73.5 

p s i .  The subrou t ines  f o r  determining t h e s e  parameters are l i s t e d  i n  Table  3.10. 

3.4.2 Hydrogen 

The thermophysical p r o p e r t i e s  used i n  t h e  hydrogen subrou t ine  are 

based upon computer programs developed by t h e  NBS (Reference 14 ) .  

p r o p e r t i e s  are v a l i d  f o r  p re s su res  from 1 t o  5000 p s i a  and f o r  temperatures  

ranging  from 25 t o  5000 O R  (enthalpy from -130 t o  20,000 BTU/lb). 

NBS programs a l l  thermophysical p r o p e r t i e s  are determined from known va lues  

of p re s su re  and temperature and inc lude  enthalpy,  dens i ty ,  s p e c i f i c  h e a t s  

f o r  both cons tan t  p re s su re  and cons t an t  volume, v i s c o s i t y  and thermal 

conduct iv i ty .  However, i n  t h e  sub rou t ine  developed f o r  t h e  Apollo 

Cryogenic System Programs, p rov i s ion  has  been made t o  compute t h e  p re s su re  and 

temperature  from o t h e r  known p r o p e r t i e s .  The p res su re ,  dens i ty  and tempera- 

t u r e  are i n  u n i t s  of p s i a ,  lbm/f t  and R ,  r e s p e c t i v e l y .  

These 

I n  t h e  

3 0 

Pressu re ,  p s i a  

The NBS program expresses  hydrogen d e n s i t y  as a polynomial equa- 

t i o n  i n  terms of p re s su re  and temperature ,  p = p(P,T). I n  t h e  subrout ine  

HPDTT ( p ,  T, PA), p r e s s u r e  is determined from t h i s  equat ion  as a func t ion  

of d e n s i t y  and temperature  us ing  a Newton-Raphson i t e r a t i o n  method. PA i s  

an  a p r i o r i  v a l u e  of p re s su re  r equ i r ed  t o  i n i t i a t e  t h e  i t e r a t i o n  and shonld 

b e  es t imated  as c l o s e l y  as p o s s i b l e  t o  t h e  a c t u a l  va lue .  

Temperature, R 0 

Temperature is computed i n  a manner similar t o  t h a t  of p re s su re  

as a f u n c t i o n  of t h e  p re s su re  and d e n s i t y ,  The subrou t ine  c a l l  is  

HPDTT (P, p , TA) where TA i s  the a p r i o r i  v a l u e  of temperature  r equ i r ed  

t o  i n i t i a t e  t h e  i t e r a t i o n .  

Table  3.10 l is ts  the subrout ines  f o r  determining the above p r o p e r t i e s  

as w e l l  as o t h e r  parameters .  
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TABLE 3.10 

THERMOPHYSICAL PROPERTIES SUBROUTINES 

PROPERTY UNITS INPUT VARIABLE f SUBRoUTINE NAME REFERENCE 
I 

, 

Dens i ty  
Enthalpy 
Enthalpy 

Funct ion  8 
Funct ion  (p 

Is o chor  
I sochor  
I sochor  

Is0 therm 
Is0 therm 
Is o therm 
P r e s  s u r e  

p e c i f i c  Heat, 

p e c i f  ic Heat , 

p e c i f i c  Heat, 

peciflc Heat, 

hermal  Conduc- 

T emp era t u r  e 
V i s  eo s i  t y  

C 
P 

C 
P 

cV 

cv 

t i v i t y  

~ 

Dens i ty  
Enthalpy 

Func t ion  9 
Funct ion  (p 

Is0 chor  
Is0 therm 
P r e s s u r e  

p e c i f  i c  Heat , 

p e c i f  i c  Heat, 

hermal  Conduc- 

Temperature  
V i s  cos  i t y  

C 
P 

V 
C 

t i v i t y  

lbm/f t3 
b t u /  lbm 
b t u /  lbm 
b t u /  13m 

ps ia- f  to/bti  
p s  i a /  
ps ia /oR 
p s i a /  R 

p i a - f  t3 /b t i  
psia-f  t 3 / b t i  
psia-f  t3 /b t i  

P s i a  
R/ lbm 0 

, OE/ lbm 

R/  lbm 0 

R/  lbm 0 

b t u  (f t / h r  ) / 
f t2/OR 

R 
lb f -h r / f  t2 

0 

lbm/f t 
b tu/ lbm 
btu/ lbm 

p i a - f  t3db t u  
p s i a /  R 

p s i a  f t 3 / b t u  
P s i a  

VR/ lbm 

R/  l b m  0 

b t u  f t / h r ) /  
f t  h /OR 

OR 2 lb f -h r / f  t 

OXYGEN 

P&T 

P &T 

P&p 
P&T 

HYDROGEN 

P&T 
P&T 
P&T 
P&T 
P&T 
P&T 
T&P 
P&T 
P&T 

P&T 

P&T 

PSrP 
P&T 

OPTD 
VPTH 
PPDH 
SI)PTPT 
QP'YpT 
QDTIC 
QPTIC 
QPDIC 
ODTIT 
PPTIT 
PPDIT 
PDTP 
OPTCP 

VPDCP 

PPTCV 

PPDCV 

PPTTC 

OPDT 
QPTV 

HP I D  
HPTH 
HPTPT 
HPTPT 
HPTPT 
HPTPT 
HPDTT 
HPTCP 

HPTCV 

HPTTC 

HPDTT 
HPTV 

i 

1 2  
1 2  
1 2  
1 2  
1 2  
11 
1 2  
1 2  
11 
1 2  
1 2  
11 
1 2  

1 2  

1 2  

12 

13 

12 
13 

14 
14 
14 
14 
14 
14 
14 
14 

14 

14 

14 
14 
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4.0 PROGRAM RESTRICTIONS 

The EQTANK Program is comprised of q u a s i - s t a t i c  equi l ibr ium thermodynamic 

r e l a t i o n s .  Because of t h i s ,  t h e r e  are c e r t a i n  cons ide ra t ions  t h a t  should be 

taken i n t o  account when using t h e  program r e s u l t s .  

added t o  t h e  f l u i d  i n  a tank p red ic t ed  by t h e  EQTANK program may be higher  

t han  i n  a c t u a l  p r a c t i c e  because under a c t u a l  condi t ions  t h e  co lde r  f l u i d  

w i l l  be  expel led ,  whi le  t he  EQTANK model assumes t h a t  uniformly heated f l u i d  

i s  expel led.  This  l e a d s  t o  an  overes t imate  of t h e  amount of e lec t r ica l  power 

necessary t o  o p e r a t e  t h e  CSS h e a t e r s  and f ans .  

t i m e s  p red ic t ed  by t h e  EQTANK program w i l l  a l s o  be  longer  than  those  experi-  

enced i n  f l i g h t  due t o  t h e  e f f e c t s  of s t r a t i f i c a t i o n .  I n  a d d i t i o n ,  t h e  

r e s u l t s  of t h e  EQTANK program w i l l  no t  r e s o l v e  t h e  change i n  p r e s s u r i z a t i o n  

decay rates from immediately a f t e r  t o  immediately p r i o r  t o  tank  h e a t e r  

energ iza t ion .  

F i r s t ,  t h e  t o t a l  energy 

Heater "on" times and cyc le  

The dev ia t ions  descr ibed  above are problems of r e s o l u t i o n  r a t h e r  than  

of o v e r a l l  performance a n a l y s i s  dev ia t ions  and do no t  l i m i t  t h e  use fu lness  

of t h e  program. However, t h e s e  r e s t r i c t i o n s  should be  accounted f o r  i n  

i n t e r p r e t i n g  t h e  program r e s u l t s .  

Under high oxygen f lowra te  requirements ,  such as during ex t r aveh icu la r  

a c t i v i t y ,  t u rbu len t  f low may develop i n  t h e  CSS l i n e s  o r  components. 

Although subrout ines  f o r  both t u r b u l e n t  and laminar  f low p res su re  l o s s  

eva lua t ion  are p resen t  i n  t h e  PLMBNG program, t h e  c u r r e n t  v e r s i o n  assumes 

laminar flow f o r  a l l  condi t ions .  When incorpora ted  i n t o  t h e  In t eg ra t ed  

Systems Program, t h e  PLMBNG model w i l l  be  capable  of eva lua t ing  t h e  f low 

regime and w i l l  compute t h e  r e s u l t i n g  p res su re  l o s s  accordingly.  
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Cur ren t ly ,  i t  is  assumed t h a t  f l u i d  leav ing  t h e  CSS tanks reaches  

approximately ambient temperatures  very  r ap id ly .  It w a s  t h e r e f o r e  assumed 

t h a t  t h e  f l u i d  could be  considered a p e r f e c t  gas .  However, i f  s imula t ions  

i n d i c a t e  t h a t  t h i s  assumption is unwarrented, a compress ib i l i t y  f a c t o r  may 

be included t o  b e t t e r  s imula t e  t h e  real f l u i d .  

from the  Thermophysical P r o p e r t i e s  Subroutine.  

This  f a c t o r  may be obta ined  

6 1  



5.0 RECOMMENDATIONS 

It is recommended t h a t  e f f o r t  b e  d i r e c t e d  toward determining model 

accuracy by ope ra t ing  t h e  program f o r  f l i g h t  condi t ions  and comparing t h e  

r e s u l t s  wi th  f l i g h t  da t a .  

I t  is recommend t h a t  t h e  sub rou t ine  f o r  p r e d i c t i n g  t h e  p o t e n t i a l  

p re s su re  c o l l a p s e  as a func t ion  of f lowra te ,  t ank  quan t i ty  and a c c e l e r a t i o n  

l e v e l  be ex t r ac t ed  from the  EQTANK program and put  i n t o  a form s u i t a b l e  f o r  

use  during a f l i g h t .  

It  is  f u r t h e r  recommended t h a t  a s i m p l i f i e d  model be developed t o  

determine t h e  e f f e c t s  of s t r a t i f i c a t i o n  on h e a t e r  cyc l ing  f o r  i nco rpora t ion  

i n t o  t h e  CSS In t eg ra t ed  Simulat ion Program. This  model would be i n  a d d i t i o n  

t o  t h e  c u r r e n t  model which approximates p o t e n t i a l  c o l l a p s e  pressure .  A 

necessary s t e p  t o  t h e  model development is  t h e  de te rmina t ion  of t h e  volume 

and d e n s i t y  of a n  e f f e c t i v e  hot  gas  bubble next  t o  t h e  h e a t e r  from f l i g h t  

da t a .  The hot  gas bubble determines t h e  p re s su re  i n  t h e  tank  and, thus ,  

c o n t r o l s  t h e  h e a t e r  cyc le  t i m e .  

formulated.  

The method t o  accomplish t h i s  has  been 

This  model could be  completed us ing  Apollo 1 4  f l i g h t  da ta .  
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APPENDIX I 

NOMENCLATURE 

2 Area, i n  . 
Surface  area of t h e  inne r  t ank  , f t  . 2 

A 

AB 

C 
A 

ACCELN ( I ,  J )  

C 

c .  
P 

C 
V 

CYTIME(1,J) 

D 

DP CDT 

DPDT ( I ,  J )  

DPDTD 

DTG ( I, J ) 

E 

f 

FTANK(I, J) 

G 

gC 

HPV 

HTON(1, J) 

HVCS 

I 

I R  

Accommodation c o e f f i c i e n t  , equal  t o  1.0. 

Logarithm (base 10) of t h e  a c c e l e r a t i o n  magnitude i n  
e a r t h  g r a v i t i e s ,  dimensionless .  

Capacitance analog, C = - 2RTP ’ 
S p e c i f i c  hea t  of f l u i d  a t  cons t an t  p re s su re ,  b tu /  (lbm-OR) . 
S p e c i f i c  hea t  of f l u i d  a t  cons tan t  volume, btu/( lbm - O R ) .  

4 2  lbm - i n  / l b f  VO 

Length of h e a t e r  cyc le ,  min. 

Line diameter ,  i n .  

T o t a l  d e r i v a t i v e  of p o t e n t i a l  c o l l a p s e  p r e s s u r e  wi th  
r e s p e c t  t o  t i m e ,  p s i a / h r .  

Tank p res su re  rise o r  decay rate, p s i a / h r .  

Dummy tank  p res su re  rise rate, p s i a / h r .  

T i m e  f o r  tank  p r e s s u r e  t o  change x p s i a ,  h r .  

Electrical p o t e n t i a l  analog, E = P2, l b f  / i n .  2 . 4  

F r i c t i o n  f a c t o r ,  dimensionless .  

Tank f lowra te ,  l b / h r .  

Conductance analog lbf  2-hr/ (lbm-in) 

Gravi ty  cons t an t  lbm-in/ ( lb f -hr  ) 

Enthalpy of s t o r e d  f l u i d ,  btul lbm 

4 

2 

Heater on time, min. 

Enthalpy of f l u i d  i n  vapor cooled shroud, btu/lbm. 

Current  analog,  I = m, lbm/hr. 

Residual  c u r r e n t  analog, dT , lbm/hr. d t  
0 

PV 
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IFAND 

IFAN(I, J) 

I H T R C ( 1 , J )  

IHTRD 

IPS(1,J)  

ISFD 

ISHD 

k 

K 

K 

1 

n 

L 

M 

m 

n 

N 

P CT 

PHID 

PHI (I, J) 

PNEXT 

PPPR 

Dummy p res su re  c o n t r o l  switch f l a g  f o r  fan ,  dimensionless .  

Pressure  c o n t r o l  switch f l a g  f o r  f a n ,  dimensionless .  

Heater cyc le  counter ,  dimensionless.  

Dummy p res su re  c o n t r o l  switch f l a g  f o r  h e a t e r ,  dimensionless .  

P re s su re  c o n t r o l  swi tch  f l a g  f o r  each tank,  dimensionless .  

Dummy f a n  c o n t r o l  switch f l a g ,  dimensionless.  

Dummy h e a t e r  c o n t r o l  swi tch  f l a g ,  dimensionless .  

Thermal conduct iv i ty ,  b tu /  (hr-ft-OR) . 
g n %  n+l 

Constant,  K = ( - ) (?I 2 (n-1) , lbm-oi’/ ( lb f -hr )  . 
Knudsen number, X / 1 ,  dimensionless.  

C h a r a c t e r i s t i c  l eng th ,  f t .  

Length, i n .  

Gas molecular weight,  lbm/(lb-mole) 

Mass f lowra te ,  lbm/hr . 
Rat io  of s p e c i f i c  h e a t s ,  c /c  dimensionless.  

Po ly t rop ic  exponent f o r  gas  l i n e s  a t t ached  t o  tank,  
dimensionless.  

Reynolds number, - , dimensionless .  

Pressure ,  p s i a  

P v’ 

PVoD 

u 

Col lapse p re s su re ,  p s i a  

Average tank  p res su re  over t i m e  i n t e r v a l ,  TCALC, p s i a .  

P o t e n t i a l  c o l l a p s e  p re s su re ,  p s i a .  

Percentage of cryogen i n  tank ,  percent .  

Dummy tank  thermodynamic proper ty ,  f t  -ps ia /b tu .  

Tank thermodynamic p rope r ty  4 ,  f t  -ps ia /b tu .  

3 

3 

Pressu re  at which p res su re  swi tch  w i l l  change p o s i t i o n ,  
ps  ia. 

P a r t i a l  of p re s su re  wi th  r e s p e c t  t o  d e n s i t y ,  f t  - R/lbm. 3 0  

65 



PPPT 

PRCNT (I, J) 

PTPP(1,J) 

PTPRO 

Q 

QR 

K 

R 

R1 

R2 

RHOBAR 

RHO (I, J )  

t 

T 

TBAR 

TCALC 

TEXIT ( I )  

THETAD 

THETA (I, J) 

TLIMIT(1, J) 

TOS , T1 

TPV , T2 

Tvcs 

0 Par t i a l  of p re s su re  wi th  r e s p e c t  t o  temperature ,  p s i a /  R. 

Usable f l u i d  remaining i n  t ank ,  percent .  

0 P a r t i a l  of temperature  wi th  r e s p e c t  t o  p re s su re ,  

P a r t i a l  of temperature  with r e s p e c t  t o  d e n s i t y ,  

T o t a l  hea t  input  rate, b tu /h r .  

H e a t  l e a k  f l u x ,  b t u / ( h r - f t  ) 

Heat l e a k ,  b tu /hr .  

To ta l  t ank  hea t  i npu t ,  b tu /h r .  

Tank hea t  l e a k ,  b tu /h r .  

Radia t ion  hea t  l eak ,  b tu /hr .  

Mean p res su re  v e s s e l  r a d i u s ,  i n .  

Universal  gas cons tan t .  

Inner  tank  w a l l  r a d i u s ,  f t .  

Outer tank  w a l l  r a d i u s ,  f t .  

Average tank  d e n s i t y  over time i n t e r v a l ,  TCALC, lbm/f t  . 
Tank f l u i d  d e n s i t y ,  lbm/f t  . 
Time ,  h r  . 
Temperature, R. 

Average tank temperature over t i m e  i n t e r v a l ,  TCALC, R. 

T ime i n t e r v a l  chosen f o r  updat ing a l l  CSS t anks ,  h r .  

Temperature of oxygen l eav ing  vapor cooled shroud, 

Danny tank  s p e c i f i c  h e a t  i n p u t ,  btu/lbm. 

Tank s p e c i f i c  hea t  i npu t ,  btu/lbm. 

T i m e  f o r  tank  p res su re  t o  reach  p r e s s u r e  swi tch  l i m i t ,  h r .  

Temperature of tank o u t e r  w a l l ,  R. 

Temperature of tank o u t e r  w a l l ,  R. 

R/psia .  

R - f t  /lbm. 0 3 

2 

3 

3 

0 

0 

0 R. 

0 

0 

0 Average temperature  of f l u i d  i n  vapor cooled shroud, R. 
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U 

U 

V 

V 

Y 

a 

n 

1.1 

D 

I n t e r n a l  energy of f l u i d ,  btu/lbm. 

Overa l l  hea t  t r a n s f e r  c o e f f i c i e n t  , btu/  (hr- in  - R) . 
Flu id  v e l o c i t y ,  i n / h r .  

Tank Volume, f t  . 
Tank Volume, i n  . 
Volume of l i n e s  a t t ached  t o  tank ,  f t  

Weight of f l u i d  i n  tank,  lbm. 

Young's modulus f o r  tank material, p s i .  

2 0  

3 

3 

3 

Tank material thermal expansion c o e f f i c i e n t  

Tank th ickness ,  i n .  

l / O R .  

T i m e  rate of change of p re s su re ,  p s i a / h r .  

I s o b a r i c  d e r i v a t i v e  f o r  f l u i d ,  0 3  R-f t /lbm. 

0 
Isochor  d e r i v a t i v e  f o r  f l u i d ,  R/psia .  

Di f fe rence ,  dimensionless 

Emiss iv i ty ,  dimensionless  

Thermodynamic func t ion ,  - -1 , btu/lbm. 

Mean f r e e  pa th ,  f t ,  

4550 (T2 - T1). 

a H  
p 0 3 P 0  

R 

Viscos i ty ,  lbm/(in-hr).  

F lu id  d e n s i t y ,  lbm/in . 
Flu id  d e n s i t y ,  lbm/f t  

Stephan-Boltzman cons t an t ,  (T = l.lxlO-", b tu / (h r - in  - R ). 

3 

3 

2 0 4  
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Sub scr ipts  

S 

T 

X 

Index 

I 

J 

Poisson ' s  r a t i o  f o r  tank material, dimensionless  

3 Thermodynamic func t ion ,  - 
Line bend angle ,  degrees.  

ap , p s i a - f t  /btu.  a u  

Upstream of a l e a k  

Downstream of a l e a k  

Source ( b a t t e r y )  

Cracking 

Leak l e g  

Gas 

I n l e t  

Outlet 

Reseat 

R e s i d u a l  

S ink  

Tota l  

Leak l o c a t i o n  

G a s  f l a g :  1 f o r  hydrogen; 2 f o r  oxygen 

Tank f l a g :  1, 2,  o r  3 
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APPENDIX I1 

DERIVATION OF dp/dt  FOR VARIABLE VOLUME TANKS 

DUE TO PRESSURE AND TEMPERATURE CHANGES 

In t roduct ion:  
genic  s to rage  tanks has been developed f o r  a cons tan t  volume (Reference A-1) and 
f o r  v a r i a b l e  volume caused by tank s t r e t c h  due t o  p re s su re  changes 
The l a t t e r  express ion  is: 

An express ion  f o r  the  rate of change of p re s su re  f o r  the  cryo- 

(Reference A-2) -  

dJ = 40 ' 4 -  - m + - - a  dt V v -  

where: 

m =  

4 =  

v =  
P =  

r =  

t =  

E =  

u =  

u =  

h =  

Cryogen f lowra te ,  lbm/hr . 
Heat f l u x ,  BTU/hr. 

Volume, cu f t .  

Densi ty ,  lbm/cu f t .  

I n s i d e  tank r a d i u s ,  i n .  

Wall th i ckness ,  i n .  

Young's Modulus, p s i  

Poisson ' s  r a t i o ,  dimensionless  

I n t e r n a l  energy BTU/lbm 

Enthalpv BTU/lbm 

I f  Young's Modulus, E ,  i s  taken as i n f i n i t y  (no tank  s t r e t c h ) ,  Equation (I) 
reduces t o  t h e  express ion  f o r  dp /d t  as presented i n  Reference A-1. 

The express ion  f o r  dp /d t  cons ider ing  v a r i a b l e  volume r e s u l t i n g  from 
tank s t r e t c h  due t o  both p re s su re  and temperature  changes is  developed i n  
t h i s  Appendix. 
A-2 is a l s o  presented.  

For completeness, a p o r t i o n  of t h e  d e r i v a t i o c  from Reference 
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Derivat ion:  

The F i r s t  Law of Thermodynamics may be  w r i t t e n :  

dE dV - = q + m h '  d t  - %  

where : E = Energy of t h e  system 

h'= Enthalpy a t  i n i t i a l  s t a t e  

t = Time 

I f  i t  is assumed t h a t  t h e  system i s  simple a t  uniform p r e s s u r e ,  p ,  and t h a t  
k i n e t i c  and p o t e n t i a l  energv may be neglected,  then 

E = mu = Q V U  

and 

where : 

NOW 

Then 

1 
P 

v = - = s p e c i f i c  volume. 

u = h - PV. 

udm pVd(h-pv) = + h ?  - pmdv - - pvdm - 
d t  d t  d t  + - 

d t  

um + p V  dh - p V  d(pv) = q + m h '  - prn e - p v m - 
d t  d t  d t  

m(u + pv) + pV dh - pVp e - Pvv 9 = 9 m h '  -pm - dV 
d t  - 

d t  d t  d t  

/ 

m h + p V d h - m p . c t . G - V *  = q + m h ' -  p / e  
d t  d t  d t  ' d t  

/- - 

V & = p V dh - q + m (h - h ' )  
d t  d t  

Since h z  h ' ,  t h e  las t  t e r m  is  n e g l i g i b l e .  
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Thus, & = P dh - 2 
d t  d t  V 

Assume t h a t  

then 

dh = ah dp + ah dP - I  a P  P 

Now, 

and 

S u b s t i t u t i n g  f o r  0 from Equation (2)  

Since 

then  

- = -  dh a h 1  L ! ! 2 2 m + - -  0 dV 

h = u + pv = u + E ,  

d t  ap p d t  m v d t  

P 

+ - 1  ah au 
8 P P  P P  ‘ P  

a P  

au 1 + -  ah - 
a P I P = , , I  P P 

S u b s t i t u t i n g  f o r  4 from Equation (3) 
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It  i s  a t  t h i s  p o i n t  t h a t  t h e  assumption t h a t  tank  s t r e t c h  i s  a f u n c t i o n  of 
both pressure ,  p ,  and temperature,  T, 

- -  - -  
dV d t  a v  ap IT AT? d t  + EL 37’ I p dt dT . 

It i s  necessary t o  determine dT/dt 

- = -  

Now, m = pV 

dV - -  V + p -  
- dm - dP 
d t  d t  d t  

dp m p dV 
d t  v v d t  
- - -  so, 

c r - -  

S u b s t i t u t i n g  Equations (8) i n t o  Equation ( 7 ) ,  and s u b s t i t u t i n g  Equation ( 7 )  
i n t o  Equation ( 6 ) ,  r e s u l t s  i n :  

m p dV 
dV - av  * + E 1  [ - I  a T  9 2  + dr I (i ---I v d t  1 d t  a p  IT d t  a T  p a p  p d t  ap p 

For convenience, t h e  fol lowing s u b s t i t u t i o n s  have been made: 

c = -  aT  I aP P 
D = -  

Then, 

d V = A * + B [ C x f D ( ; j - B d t  dP lil Q d V ) ]  
d t  d t  

dV= ( A + B C ) % + B D ? - - 7 $  lil -fE‘D 
d t  dt dV 

BDli (1 +-) BDp ” - = (A + BC) 2 + -y- 
V d t  

BDlil (A + BC) 3 + - V 
BDP l f -  V 

- dV 
d t  
- -  

S u b s t i t u t i n g  Equation (9) into Equation (5), 
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lil 
[ (A + BC) + BD 1 dh 0 

dt P 4  P m (V+BDp 1 

GI OBD& 1 %  - - +  - =  dh I - + - +  1 1 O(A + BC) 
dt P +  P V+BDp m V(VtBDp) * 

But from Equation ( 4 )  

Therefore, 

and, 

resulting in: 

*+q_ - OB& 
& = PV PV V (V+BDp ) 
dt 1 (A+BC) 

V+BDp 
- + 0  
P +  

9 = v ' v V(V+BDP) - 
dt Op (A+BC) 

+ 'V+BDp 

Substituting for A, B, C and D 

* =  
dt 

Om+ 
V 
- 

' T  ' aT ' p  ap ' p  ' 
aT 

V + p a T  a v I  p a p  - I  p 
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ReferenceA-2 p resen t s  t h e  d e r i v a t i o n  f o r  change i n  volume wi th  r e spec t  t o  
p re s su re  a t  cons tan t  temperature  as: 

The change i.n volume with r e spec t  t o  temperature may be obtained as f o l l o w s :  

- 1  av = - I  av - 1  ar 
aT p ar p a T  p 

4 ' 317 ( 7 nr3)  = 4 m2 = - av a - -  - -  
ar ar r .  

For s m a l l  changes i n  temperature,  then 

3av 3V A r  a V  
aT Ip = F- AT 

- =  - 

where a = c o e f f i c i e n t  of thermal expansion, / O R .  

S u b s t i t u t i n g  t h e s e  express ions  i n t o  Equation (10) r e s u l t s  i n :  

3 r  aT 
2tE a D  0 

dt 1 + $Op(- (1 - u )  +3a - I ) 

1 + 3 a p  'L 1 
a P  ? 

It  is  necessary t o  account f o r  one a d d i t i o n a l  e f f e c t  which resu l t s  i n  a 
v a r i a t i o n  i n  the  change i n  volume wi th  r e spec t  t o  pressure .  This  e f f e c t  i s  
t h e  compression of t h e  f l u i d  i n  t h e  f i l l  and ven t  l i n e s  of t h e  tank. These 
l i n e s  extend from t h e  pressure  v e s s e l  t o  t he  w a r m  environment. The f l u i d  a t  
t h e  cold ends i s  r e l a t i v e l y  incompressible  as compared t o  t h e  near  i d e a l  gas  
condi t ions  a t  t h e  o t h e r  ends. When pressure  inc reases ,  t he  f l u i d  i n  t h e  l i n e s  
i s  compressed by t h e  expanding s t o r e d  f l u i d  which move up t h e  l i n e s .  
f o r  th is  e f f e c t ,  i t  w a s  assumed t h a t  t h e  l i nes  w i l l  be  f i l l e d  wi th  an 
i d e a l  gas a t  ambient temperature  and t h a t  no mixing between the tanked 
cyrogen and t h e  p e r f e c t  gas would t ake  place. 

To account 

Then: 
n 

pV2 = cons tan t .  

3 where: V = l i n e  volume, f t  2 

n = po ly t rop ic  exponent equal  t o  1 f o r  a i so thermal  process  
o r  t h e  r a t i o  of s p e c i f i c  h e a t s  f o r  a n  i s e n t r o p i c  process .  

74 



Thcls , 

o r  
-V - dv2 = 2 dJ 

d t  np d t  

The mass flow, m ,  i s  t h e  t o t a l  f low from the  tank: 

2 m = m  + m  
0 

where: m = flow t o  EPS and ECS subsystems, lbm/hr 
0 

* 

= pdV2 = flow from f i l l  and vent  l i n e s ,  lbmlhr 
m2 dt 

Note: Flow out  of t h e  tank i s  negat ive  i n  s i g n .  

S u b s t i t u t i n g  Equation ( 1 4 )  i n t o  Equation (15) y i e l d :  

V m = m  - p 2 d p  
np d t  

0 

When t h i s  equat ion  i s  s u b s t i t u t e d  i n t o  equat ion  (13) and rear ranged ,  t h e  
r e s u l t i n g  express ion  is: 

aT  1 + 3 a p  - I 
a P  P 

Thus, Equation (16) desc r ibes  t h e  ra te  of change of p re s su re  f o r  a v a r i a b l e  
tank volume cons ider ing  both p re s su re  and temperature  changes. 
t he  c o e f f i c i e n t  of thermal expansion, a, is  equal  t o  zero and i f  t h e  plumbing 
f l u i d  compression volume, V 2 ,  i s  zero that Equation (1) is obta ined ,  

p re sen t s  t h e  cons t an t s  used f o r  both t h e  oxygen and hydrogen tanks.  The 
p a r t i a l  d e r i v a t i v e s  are obta ined  by d i f f e r e n t i a t i n g  t h e  equat ion  of state. 
Since the  EQTANK program uses  an equat ion  of s ta te  t h a t  is  a func t ion  of 
temperature  and d e n s i t y ,  i t  is d e s i r a b l e  t o  o b t a i n  a T / a p  i n  t h e  fol lowing form: 

Note t h a t  i f  

Table A-1 

This  r e l a t i o n  w a s  taken from Reference A-4, page 32, Equation (3-11) 
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Then 

Thus, t h i s  p a r t i a l  d e r i v a t i v e  may a l s o  be  obtained from t h e  equat ion  of s ta te .  
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TABLE A-1 

CRYOGENIC TANK PROPERTIES 

OXYGEN 

Material. .................................... ~nconel 718 

Volume, V, ft ............................... 4.75 

Inside Radius, r, in.... ..................... 1 2 . 5 1 3  

3 

6 Young's Modulus, E, psi ...................... 30 x 10 

Poisson's Ratio, U ,  dimensionless... ......... 0.29  

Wall Thickness, t, in.......... .............. 0.059 

Coefficient of Thermal Expansion, a, /"I? ... ..5.93 x 10 -6 

HYDROGEN 

Material ..................................... Titanium-5AL-2.5SN ELI 

Volume, V, ft ............................... 6.80  

Inside Radius, r, in ......................... 14.103 

3 

6 Young's Modulus, E, psi ...................... 17 x 10 

Poisson's Ratio, u ,  dimensionless............0.30 

Wall Thickness, t, in ........................ 0.044 

Coefficient of Thermal Expansion, a ,  /oR.....1.23 x 10 -6 

Note: Values for 01 were derived from Reference A-3, Table 7 . 3 . 4 ,  
page 7-59. 
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APPENDIX I11 

COMPONENT AND LINE MATRIX MODEL EQUATIONS 

Oxygen System Equat ions  

The lumped parameter  e q u a t i o n s  f o r  t h e  oxygen system m a t r i x  model 

are g i v e n  below. The equa t ions  are shown f o r  each  node as a f u n c t i o n  of 

t h e  f a i l u r e  mode. Node l o c a t i o n s  are shown i n  F i g u r e  A-1. 

A .  Node 1 

1) No l e a k s  

dE1 
c1 dt 

G2 (EBl - El) 

2) Leak i n  Leg 2 

3 )  Leak i n  Leg 3 

G2 (EBl - El)  = dE1 - d t  

4 )  Leak i n  Leg 2 and 3 

G2b (E2* - El) = dE1 - d t  

B. Node 2 

1) No leaks 

'R1 + G E I- G3 (El - E2) - 1 1  

I- G 1 1  E + G3 (El - E2) - zR1 

'R 1 t G E + Gja (E1 - E3x) - 1 1  
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2)  L e a k  i n  L e g  3 

G3b (E3x - E ) = c2 - dE2 
2 d t  

3) L e a k  i n  L e g  4 

- E ) =  C dE2 2 -  G3 C E 1  2 d t  

4 )  L e a k  i n  L e g  10 

G3 (E1 - E2) = c dE2 
2 -  

d t  

5) L e a k  i n  L e g  3 and L e g  4 

6) L e a k  i n  L e g  3 and L e g  10 

7) L e a k  i n  L e g  4 and L e g  10 

- dE2 
c2 dt G3 (E1 - E2 - 

C .  Node 3 

1) No leaks 

2) L e a k  i n  L e g  7 

3) L e a k  i n  L e g  6 

+ G 4 a  (E 2 -E 4x )+G 10 (E 2 -E 10 )-IR2 

+ G (E -E ) + Gs(E3-E4) - IR3 6 3 5  

+ G (E -E 1 + G (E -E ) - IR3 6 3 5  5 3 4  

+ G (E -E 1 + G (E -E ) - IR3 - 
6a 3 6x 5 3 4  G ~ ( E B ~ - E ~  - c3 I_ dE3 

d t  
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4) L e a k  in L e g  5 

5) L e a k  in L e g  7 and L e g  8 

-E ) = c3 dE3 - 
d t  

G3b(E3x 3 

6 )  L e a k  in L e g  7 and L e g  5 

3) L e a k  in L e g  6 and L e g  5 

G ~ ( E ~ ~ - E ~ )  = c3 - dE3 
d t  

D.  Node 4 

1) No L e a k s  

+ G (E -E ) + G (E -E ) - IR3 6 3 5  5a 3 5x 

+ G (E -E + G5(E3-E4) - IR3 6a 3 6x 

+ G (E -E ) + G (E -E ) - IR3 6 3 5  5a 3 5x 

+ G 6a (E 3 -E 6x + G5a(E3-E5x) - IR3 

G (E -E ) + G4(E2-E4) = dE4 c4 - d t  5 3 4  

2) L e a k  in L e g  5 

- E )  + G  (E - E )  = C 4 -  dE4 
d t  G5bcE5x 4 4 2 4  

3) L e a k  in L e g  4 

G (E -E ) + G4b(E4x-E4) = dE4 c4 - a t  5 3 4  

4) L e a k  in L e g  8 

G (E -E ) + G4(E4x-E4) = 

G5b (Esx-E4) + G4b (E4x-E4) = c4 - dE4 

dE4 c4 - d t  5 3 4  

5) L e a k  in L e g  5 and L e g  4 

6) L e a k  in L e g  5 and L e g  8 

-E ) + G (E -E ) G5b(E5x 4 4 2 4  

7) L e a k  i n  L e g  4 and L e g  8 

G5 a 3 - E 4 )  G4b (Ehx-E4) 

d t  

dE4 

dE4 

- - 
c4 dt 

c4 dt 
- - 
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+ G (E -E - IR4 8 4 6  

+ G8634-Eg) Ij34 

+ G (E -E -IR4 8 4 6  

'R4 + G  ( E - E  ) -  8a 4 8x 

G8(E4-E6) - IR4 

+ G (E -E ) - IR4 8a 4 8x 

4- G (E -E ) - TR4 8a 4 8x 



E. Node 5 

1) No l e a k s  

G (E -E ) + G13(E7-E5> = C5 dEg 
d t  6 3 5  

2) Leak i n  Leg 6 

-E )sG (E -E5) = c5 - dE5 
d t  G6b(E6x 5 13 7 - 

3) Leak i n  Leg 1 3  

4) Leak i n  Leg 6 and Leg 13 

F, Node 6 

1) No l eaks  

G (E -E ) + G9(E8-E6) = I1 + dE6 
c6 dt 8 4 6  

2) Leak i n  Leg 8 

- E )  + G  (E -E 
G4bCE4x 6 9 8 6  

3) Leak i n  Leg 9 

G 8  (E4-Es) + Gga CEgx'E6) = 

4) Leak i n  Leg 8 and Leg 9 

G4bCE4x -E 6 ) f Gga(Egx-E6) 

G.  Node 7 

1) No l e a k s  

I '  '6- dE6 
d t  1 

I1 C dE6 6 -  
d t  

+ G15 E5 .- $5 

%15 E5 - 'R5 

+ G15 E5 - 'R5 

4- G15 '5 - 'R5 

- 'R6 



2 )  Leak i n  Leg 11 

3) Leak i n  Leg 1 2  

4) Leak i n  Leg 13 

-E ) = dE7 G13a (E 7 -E 13x -I- G12(E7-E8) - IR7 
c7 dt G11(EB3  7 

5) Leak i n  Leg 11 and Leg 1 2  

6 )  Leak i n  Leg 11 and Leg 13 

dE7 G13a (E 7 -E 13x + G12(E7-E8> - IR7 
c7 dt Glib ( E l l x - E 7 )  = 

7) Leak i n  Leg 1 2  and Leg 13 

H. Node 8 

1) No Leaks 

+ G (E -E ) + G14(E8-Ell) - IR8 9 8 6  G (E -E ) = dE8 
dt 1 2  7 8 

2) Leak i n  Leg 1 2  

- dE8 -I- G 9 8 6  -E 3. G14(E8-Elr) - IR8 
G12bCE12x-E8) = ‘8 d t  

3) ‘Leak i n  Leg 9 

G 12  (E 7 -E 8 ) = + G 9a (E 8 -E 9x ) -I- G14(E8-E11> - IR8 

4) Leak i n  Leg 14  

+ G CE -E + G14a(E8”E14x) - 9 8 6  dE8 
c8 dt 

G (E -E ) = 1 2  7 8 

5) Leak i n  Leg 1 2  and Leg 9 

dE8 ‘8 - -I- G 9a (E 8 -E 9x ) + G14(E,-El,) - I R 8  
dt: 

G12b(E12x-E8) = 
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6)  Leak i n  Leg 12 and Leg 14  

dE8 f G9(E8-E6) -f- G14a(E8-E14) - ir8 
c8 dt G12b(E12x-E8) = 

7) Leak i n  Leg 9 and Leg 14 

3- G (E -E + G14a(E8-E14) - 'R8 9a 8 9x G (E -E ) = c8 dEt3 - 
d t  

1 2  7 8 

I ,  Node 9 

1) No l e a k s  

2 )  Leak i n  Leg 1 7  

3) Leak i n  Leg 1 6  

-E ) = C dE9 9 -  d t  G17(E11-E9) + G16b(E16x 9 

4) Leak i n  Leg 1 6  and Leg 1 7  

-E ) = Cg __ dE9 
G17b(E17x-E9) + G16b(E16x 9 d t  . 

J.  Node 10 

1) No leaks 

d E I O  10  - d t  
Glo(E2-Elo) = C 

2) Leak i n  Leg 10 

d E I O  5 0  - (Elox-Elo) = 
d t  

3) Leak i n  Leg 1 6  

G (E -E ) = Cl0 d E I O  
d t  10  2 10 

4) Leak i n  Leg 10 and Leg 1 6  

d E I O  c l o  - 
d t  

(E1Ox-E1O) = 

-I- I2 - IR9 

'2 - I R 9  

= I2 - IR9 

= I2 - IR9 
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3) 

4 )  

L .  

1) 

5) 

Node 11 

No leaks 

dEll + G ~ ~ ( E ~ ~ - E ~ >  - 1r11 G (E -E ) = 51 - d t  1 4  8 11 

L e a k  i n  L e g  1 4  

11 - dEll 
d t  

+ G17(E11-E9) - ' R l l  G 1 4 b ' E 1 4 x - E l l )  = 

L e a k  i n  L e g  1 7  

G (E -E ) = 1 4  8 11 + G17a CE11*E17x) .- ' R l l  

L e a k  i n  L e g  1 4  and L e g  1 7  

(E -E ) = C 11 - dEll + G 1 7 a ( E l l - E 1 7 x )  - ' R l l  
d t  

G14b 1 4 x  11 

Node X 

L e a k  i n  L e g  2 

G2a(EB1-E2x) = G (E -E ) + G E 2 b  2 x  1 2c 2 x  

L e a k  i n  L e g  3 

G 3a (E 1 -E 3x 

L e a k  i n  L e g  4 

= G3b(E3x-E2) + G3C E3x 

G (E -E ) = G4b(E4x 
4 a  2 4 x  -E + G4C E4x 

L e a k  i n  L e g  5 

G 5a (E 3 -E 5x 

L e a k  i n  L e g  6 

G (E -E ) = G (E -E ) + G6C E6y 

= G5b(E5x-E4) $. G5C ESx 

6a 3 6x 6b 6x 5 

L e a k  i n  L e g  7 

G7a(EB2-E7x) = G ?b (E 7 x  -E 3 ) + G7c E7x 
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8) Leak i n  Leg 9 

Gga(E8-Egx) = Ggb(Eg,-Eg) G ~ c  Eg, 

9 )  Leak i n  Leg 10 

G10a(E7-E10x) = (EIOx-Ell) + G I O C  Elox 

10) Leak i n  Leg 11 

Glla(EB3-Ellx)  = G l l b ( E l l x  - E ) + G  7 116 E l lx  

11) Leak i n  Leg 1 2  

G12a (E 7 -E 12x + G12b(E12~-Eg) + G12C E 1 2 ~  

1 2 )  Leak i n  Leg 13  

Hydrogen Sys t e m  Equations 

The equat ions  f o r  t he  hydrogen system are g iven  below. These equat ions  

are presented f o r  each node as a func t ion  of f a i l u r e  mode. Node l o c a t i o n s  

are shown i n  F igure  A-2. 
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Node 1 A. 

1) 

2) 

5) 

7)  

B. 

1) 

2) 

N o  L e a k s  

"'R1 
-E ) = G (E -E ) + G7(E1-E5) + C1 dE1 - 

d t  
G 1 ( E B l  1 4 1 2  

L e a k  i n  L e g  1 

Glb(E lx  - E ) = G ( E - E ) + G ( E - E ) + C 1 %  1 4 1 2  7 1 5  d t  -'R1 

L e a k  i n  L e g  4 

- 'R1 
G1(EBl-E1) = G (E -E ) + G (E  -E ) + c1 __ dE1 

d t  4a 1 4x 7 1 5  

L e a k  i n  L e g  7 

- 'R1 
Gl(EBl-El) = G (E -E ) + G (E -E ) + C1 3 
L e a k  i n  L e g  1 and L e g  4 

d t  4 1 2  7 a  1 7 x  

-'R1 
- E )  = G  ( E - E  ) + G  ( E - E )  + C 1 -  dE1 

d t  G lb (E lx  1 4a 1 4x 7 1 5  

L e a k  i n  L e g  1 and L e g  7 

-'R1 
Glb(Elx-E1) = G (E -E ) + G (E -E ) + c1 5 

d t  
4 1 2  7 a  1 7 x  

L e a k  i n  L e g  4 and L e g  7 

- 'Rl 
dE1 

c1 dt 
G1(EBl-E1) = G (E -E ) + G (E -E ) + 4a 1 4x 7 a  1 7 x  

Node 2 

No L e a k s  
c2 d (E2)  

4 1 2  5 3 2  2 2  d t  - 'R2 
G (E - E )  + G  (E - E )  = G  E + -  

L e a k  i n  L e g  4 

- 'R2 
dE2 

c2 dt 
-E ) + G (E -E ) = G2 E2 G4b(E4x 2 5 3 2  

3) L e a k  i n  L e g  5 

- 'R2 dE2 
c2  - a t  G ~ ( E ~ - E ~ >  + G ~ ~ ( E ~ ~ - E ~ )  = G 2 2  E + 

4) L e a k  i n  L e g  4 and L e g  5 
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C .  Node 3 

1) No L e a k s  

- 'R3 
- E ) = G ( E - E ) + G ( E - E ) +  '3- dE3 

G3(EB2 3 5 3 2  6 3 4  d t  

2) L e a k s  i n  L e g  3 

- 'R3 
- E ) = G  ( E - E ) + G ( E - E ) +  '3- dE3 

G3b(E3x 3 5 3 2  6 3 4  d t  

3) L e a k  i n  L e g  5 

- 'R3 
dE3 

c3 dt 

c3 dt 

c3 dt 

G3(EB2-E3) = G (E -E ) + G (E  -E ) + 
5a 3 5x 6 3 4  

4) L e a k  i n  L e g  6 

- 'R3 
dE3 

dE3 

G3(EB2-E3) = G (E -E ) + G 6a (E 3 -E 6x ) + 5 3 2  

5) L e a k  i n  L e g  3 and L e g  5 

G3,,(E3hE3) = G5a(E3-E5x) + G 6 3 4  (E  -E - 'R3 + 

6) L e a k  i n  L e g  3 and L e g  6 

- 'R3 -E ) = G (E -E ) + G6a(E3-E6x) + C3 - dE3 
d t  G3b(E3x 3 5 3 2  

7) L e a k  i n  L e g  5 and L e g  6 

G3(EB2 3 5a 3 5x - I R 3  
dE3 

c3 dt -E ) = G (E  -E ) + G6-(E3-E6-) + 

D. Node 4 

1) No L e a k s  

'l"R4 G (E -E ) + G (E -E = C dE4 
4 -  d t  

6 3 4  8 5 4  

2) L e a k  i n  L e g  6 

- E )  + G  ( E - E )  = C 4 -  dE4 
d t  G6b(E6x 4 8 5 4  

3) L e a k  i n  L e g  8 

dE4 G6(E3-E4) + G (E  -E ) = c4 - 8b 8x 4 d t  

+ I -I 1 R4 

+ I -I 1 R4 

4) L e a k  i n  L e g  6 and L e g  7 

+ I -I 1 R4 dE4 
c4 dt G6b (E6x-E4) + GBb (E8x-E4) = 
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E. Node 5 

1 )  No Leaks 

dE5 
G (E -E ) = C 5 x  + G (E -E ) 7 1 5  8 5 4  

2) Leak i n  Leg 7 

dE5 G (E -E ) = - + G  ( E - E )  7b 7x 5 ‘5 d t  8 5 4 

3)  Leak i n  Leg 8 

dE5 G (E -E ) = - +  G (E -E ) 7 1 5  ‘5 d t  8a 5 8x 

4) Leak i n  Leg 7 and Leg 8 

(E -E 
dE5 

G ~ , , ( E ~ ~ - E $  = c - 5 d t  -+ G8a 5 8x 

F. Node X 

1 )  Leak i n  Leg 1 

2) Leak i n  Leg 3 

3)  Leak i n  Leg 4 

4) Leak i n  Leg 5 

G 5a (E 3 -E 5x ) = G5b(E5x-E2) + G5C E5x 

5) Leak i n  Leg 6 

G 6a (E 3 -E 6x G6b(E6x-E4) G6C E6x 

6) Leak i n  Leg 7 
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7)  Leak i n  Leg 8 

When no l eaks  are def ined  i n  t h e  system, t h e  model is programmed t o  use  

the  f i r s t  equa t ion  f o r  each lumped parameter node i n  desc r ib ing  t h e  network. 

When a l e a k  i s  def ined  by a nodal model network node number (not  t o  be confused 

wi th  a lumped parameter node),  t h e  l i n e  l e g  i n  which t h a t  node is loca ted  

i s  au tomat ica l ly  determined. The two lumped parameter nodes t h a t  bound t h i s  

l e g  are a l s o  determined. The lumped parameter equat ions  f o r  t h e s e  two nodes 

are then  rep laced  by t h e  appropr i a t e  l e a k  equat ion  presented above. 

t i o n a l  lumped parameter express ion  is requi red  t o  s o l v e  t h e  new network of 

equat ions and i s  au tomat i ca l ly  obtained from t h e  Node X equat ions  f o r  t h e  

appropr i a t e  leg .  The r e l a t i v e  l o c a t i o n s  of t h e  lumped parameter nodes and 

t h e  nodal model network nodes are shown i n  F igures  3.10 and 3.11 of 

Sect ion  3.3 f o r  t h e  oxygen and hydrogen systems, r e s p e c t i v e l y .  The l i n e  l e g s  

which correspond t o  t h e  nodel model network nodes are given i n  Tables A-2 and 

A-3 f o r t h e  oxygenand hydrogen systems, r e s p e c t i v e l y .  

An addi- 
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Table A-2- Oxygen System Lumped Parameter Nodal Constants 

LUMPED PARAMETER VOLUME 

NODE (IN3) 

9.12 

13.66 

1.9 

4.28 

4.98 

5.0 

1.9 

13.32 

5.18 

0.93 

TableA-3- Hydrogen System Lumped Parameter Nodal Constants 

3 
LUMPED PARAMETER I NODE 

VOLUME 

I N  

1.90 

35.18 
2.60 

5.0 

1.42 
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